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Abstract
Electrochemical carbon dioxide reduction (ECO 2R) into value-added chemicals and liquid
fuels using renewable energy is considered as a viable option for CO 2 recycling and closing
the carbon cycle. Design and development of cheap and efficient catalysts holds the key to
the practical implementation of this technology. Studies have focused on the development
of nanostructured metal-based catalysts for ECO2R. The interfacial and surface engineering
are two efficient strategies to improve the catalytic properties of these metal-based catalysts
by altering the intrinsic activity and the electronic structure of the catalysts.
This thesis focuses on the utilization of these two strategies to tune catalysts for achieving
improved ECO2R performance. Three different nanostructured metal-based catalysts have
been developed via simple and scalable methods including core -shell structured goldpolyaniline (Au-PANI) nanocomposites, nitrogen-doped carbon supported copper
nanoparticles and copper oxide-derived copper nanowires.
In chapter 3, a gold-polyaniline nanocomposite synthesized via a simple one-step redox
reaction was employed to study the interfacial effects. The core -shell structured goldpolyaniline (Au-PANI) nanocomposite demonstrated an enhanced CO2-to-CO conversion
compared to the individual components in the composite and the carbonized composite. This
study revealed interfacial interaction between the components and the critical role played by
the polyaniline shell in facilitating CO2 adsorption and the subsequent formation of reaction
intermediates on the gold core, resulting in high efficiency.
In chapter 4, the metal-support interface effect has been studied on the porous N-doped
carbon-supported Cu nanoparticles (Cu-NC) composite catalyst synthesized via a scalable
one-step glucose blowing technique. The Molar ratio between the reactants in the synthesis
procedure influenced the morphology and electrocatalytic activity of these Cu -NC
composites. The Cu-NC composite catalyst demonstrated an efficient electrocatalytic
conversion of CO2-to-C1 products (CO and formate) at moderate overpotentials. The porous
morphology and presence of nitrogen species such as pyridinic and graphitic in N -doped
iii

carbon promoted the CO2 activation and formation of reaction intermediates which resulted
in enhanced catalytic activity.
In chapter 5, aligned copper oxide derived nanowire catalysts with tunable selectivity for
producing CO or formate were synthesized and the surface engineering effects have been
studied by varying the length of the nanowires. This study revealed the length dependent
selectivity on these copper nanowires (Cu NWs). The Cu NWs with average length less than
2.3 µm exhibited a conversion of CO 2 to CO with a high CO/formate ratio, while longer
nanowires (length ≥2.3 µm) displayed CO 2 to formate conversion with a low CO/formate
ratio at moderate overpotential. The surface structure and local pH environment influenced
the formation of intermediates which along with reaction pathways resulted in length dependent product selectivity.
In short, this thesis highlights the use of interfacial and surface engineering approaches to
engineer catalysts for achieving high catalytic activities. The knowledge generated from this
thesis may provide some useful information to guide the development of catalysts for
ECO2R.
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Chapter 1- Introduction
Global energy demand has risen considerably in recent years, owing to high economic and
population growth. Since the 19 th century's industrial revolution, fossil fuels (coal, petroleum,
and natural gas) have been used as the world's primary energy sources. Because of the limited
supplies of these non-renewable fossil fuels, an intensified energy crisis may arise in the near
future.1-3 Additionally, the combustion of fossil fuels ends up in major carbon dioxide (CO2)
emission, as well as other pollutant gases (e.g., NO x, SOx, etc.).4 As a result, CO2 has been
continuously accumulating in the atmosphere year by year. By February 2021, the CO 2
content in the atmosphere had risen to 415.90 parts per million (ppm) at the Mauna Loa
Observatory (MLO) in Hawaii (Figure 1.1a), well exceeding the upper safety limit of 350
ppm.5 Global CO2 emissions have increased to 35–40 gigatonnes (GtC) per year (Figure
1.1b) and are expected to continue to climb in the coming years as developing countries
industrialize.6
Overproduction and accumulation of CO 2 in the atmosphere are thought to be one of the
main causes of unfavorable changes in the environment such as global warming,
desertification, and ocean acidification. As a result, the Intergovernmental Panel on Climate
Change (IPCC) of the United Nations has determined that a decrease of 50–85 percent in
global CO2 emissions by 2050 (relative to 2000 levels) is required to keep long-term global
mean temperature rise to 2.0–2.4°C (IPCC, 2007). 7,8 Achieving this level of CO2 reduction
is a challenge for mainstream researchers to address.9
Carbon capture and sequestration (CCS) has proved its potential to capture CO 2 from a
variety of sources, including coal-fired power stations, synthetic fuels plants, and natural gas
processing plants, to solve this challenge. 10 In the CCS process, the captured CO 2 is
sequestered and stored in underground geological structures, in deep-ocean environments, or
pumped into depleted oil fields for oil recovery. The final step of CCS, sequestration and
storage, is still up for controversy, as it may not provide a long-term solution due to the risk
of leakage, nor will it assist meet future energy demands. 11
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Figure 1.1. (a) CO2 concentrations measured at the Mauna Loa Observatory (MLO) in
Hawaii5 (b) Annual global fossil-fuel carbon emissions based on the data from Carbon
Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S.6
As a result, CO2 conversion and usage has gotten a lot of attention in recent years, with CO2
being used as a solvent or working fluid (e.g., physical storage), a renewable energy storage
medium, and a chemical feedstock.12-18 The conversion of CO2 into useful fuels or valueadded chemicals using renewable energy sources is considered a sustainable approach, since
it may enable the realization of a carbon-neutral cycle to provide energy without increasing
atmospheric CO2 concentration and the potential for zero-carbon footprint.19 The CO2-tofuels/value-added chemicals conversion can be achieved via different approaches such as
thermochemical, photochemical, or electrochemical methods.15,20-22 The electrochemical
conversion method is increasing in popularity and considered as a promising approach,
owing to its incomparable advantages over other approaches, as outlined below.

1. 1

Electrochemical Carbon Dioxide Reduction Reaction (ECO 2R)

ECO2R is considered as a promising approach owing to its easiness in reducing CO2 by using
renewable electricity generated from natural sources such as solar, wind, hydro and tidal at
room temperature and ambient pressure.23 It is a fascinating and highly tuneable process with
relatively minimal chemical intake as limited to water and CO2 as given in Figure 1.2. In this
2

process, CO2 can be converted into high energy density fuels and commodity chemicals for
industrial production of value-added chemicals, which can be achieved via simple reaction
units with controllable selectivity that makes it more advantageous in terms of practicability
and industrial prospect.16,24 This technology may address global energy and environmental
challenges by offering large-scale sustainable storage of renewable energy in chemical form
in the long run.

Figure 1.2. Process diagram for CO 2 conversion and utilization in a sustainable
electrochemical route.25
From a capital investment perspective, the ECO2R process has an inimitable advantage over
other reduction routes since this system can be regarded as analogous to commercialized
hydrogen electrolyzers, from which invaluable experience can be directly lent for practical
implantation. Therefore, advances in the ECO 2R technologies combined with low-cost
electricity from renewable sources can elevate it as promising and economical. Based on the
recent techno-economic analysis of ECO 2R,26,27 most of the common products formed out of
ECO2R are expected to be economically competitive with present market prices for the
production via traditional methods as shown in Figure 1.3, given that electrolyzer cost of
$500/kW, energy conversion efficiency of 60%, Faradaic efficiency of 90%, electricity cost
3

of 2¢/kWh, and CO2 cost of 30$/ton. In particular, CO and formate are the most economically
viable products regarding the currently acquired key performance parameters (e.g., Faradaic
efficiency, stability and current density). 26,28

Figure 1.3. Cost comparison of various chemicals between the current market price and the
levelized cost from CO 2 reduction assuming an electrolyzer cost of $500/kW, energy
conversion efficiency of 60%, Faradaic efficiency of 90%, electricity cost of 2¢/kWh, and
CO2 cost of 30$/ton.26 © 2018, Cell Press.
ECO2R can be realized by homogeneous and heterogeneous reactions based on the catalysts
utilized, homogenous electrocatalysts29 and heterogeneous electrocatalysts accordingly.15
Electrocatalysts can lower the activation energy required to reach the transition state of the
CO2 reduction process by forming energetically favourable catalyst−CO 2 intermediates,
speed up the reaction rate and improving product selectivity .30 In a homogeneous CO 2
electroreduction reaction, metal complex core with organic ligand molecules are utilized as
electrocatalysts to interact with CO 2 molecules in electrolytes.29,31

These transition metal complexes act as a redox shuttle between the electrode and CO 2.
4

Mostly, the molecules accept electrons from the electrode under the external bias, becoming
a more highly reduced state. Following the reduction, the catalyst reacts with CO2 through
the electron donation and combines with an available proton to form product intermediates
in solution and returns to the initial state with the overall reaction as an indirect electrolysis
as depicted in Figure 1.4a.32,33 However, they possess the drawbacks of high cost, difficulty
in catalyst recovery and sophisticated post-separation, which obstruct their practical
application in industry 34

Figure 1.4. Schemes for CO2 electroreduction by different catalytic mechanisms: (a)
homogeneous and (b) heterogeneous electrocatalysis. Adapted from reference33 © American
Chemical Society.
In heterogeneous electrocatalysis, reaction happens at the electrode-electrolyte interface,
where the electrode is a solid electrocatalyst and the electrolyte is often a CO 2-saturated
solution. The CO2 molecule gets adsorbed onto the binding sites on the surface of catalyst,
and the availability of these reaction sites limits the rate of heterogeneous reactions. The
adsorbed CO2 molecule transforms into adsorbed product via suitable intermediates and gets
5

desorbed in the subsequent steps as shown in Figure 1.4b. Heterogeneous electrocatalysis is
gaining popularity due to the facile synthesis of catalysts, eco-friendliness, and its enormous
potential for large-scale applications by obtaining high current densities.35 Easy
incorporation of heterogeneous catalysts into gas-diffusion electrode based electrolyzer
stacks can reach high current densities as required for massive production or
commercialization 36
Plenty of heterogeneous catalysts have been explored over the past few decades. A pioneer
work on the systematic investigation of bulk transition and post-transition metals for ECO2R
in aqueous solution was done by Hori and co-workers in the early 1980s.37 The rapid
development of nanoscience and nanotechnology has reignited the extensive research interest
in ECO2R. With tuned morphology, controlled composition and tailored active sites,
nanostructured heterogeneous electrocatalysts have accomplished reasonable catalytic
activity for CO2 reduction.38,39 They include nanostructured metals, oxide-derived metal
catalysts, alloys, transition metal chalcogenides and carbon-based materials etc. However,
stability related difficulties remain as a challenge and also, the actual active sites and critical
parameters affecting the catalytic performance and reduction products formation must be
elucidated.40

1.1. 1

Fundamentals of Electrochemical CO 2 Reduction (ECO 2R)

1.1.1. 1 Reaction Mechanism

In heterogenous ECO2R, CO2 reduction takes place at the cathode and oxygen evolution
reaction (OER) takes place at the anode electrode as shown in Figure 1.5. To avoid additional
oxidation of gaseous products generated during CO 2 reduction, an ion exchange membrane
is utilized to separate the cathode and anode compartments, allowing only the transport of
corresponding ions. Highly efficient and robust electrocatalysts are required to promote the
kinetically sluggish ECO2R,41 because CO2 is a fully oxidized and extremely stable linear
molecule with no electric dipole due to its centrosymmetric nature and two polar C=O bonds
with two sets of orthogonal π orbitals. The performance is greatly impacted by the electrolyte,
cell configuration and properties of electrocatalysts such as electronic structure, surface
6

structure, etc.30

Figure 1.5. Schematic illustration of reaction unit used for ECO 2R.

CO2 reduction is usually accomplished electrochemically through a multi-step reaction
involving two, four, six, eight, ten, or more electron transfers. 42 The reduction reaction
products may include a mixture of carbon compounds such as carbon monoxide (CO),
formate (HCOO−) or formic acid (HCOOH), methane (CH 4), ethylene (C2H4 ), ethanol
(C2H5OH), methanol (CH3OH), etc. depending on the number of electrons and proton
transferred. 18,43 Normally, the heterogeneous catalytic ECO2R process comprises four key
steps:44 1) chemical adsorption of CO 2 onto the surface active site of the electrocatalyst; 2)
an electron transfer to cleave C=O bond and form a CO2•- radical ion; 3) formation of product
molecule on active site through the multiple electron and/or proton transfer and
rearrangement of an intermediate; and 4) desorption of product from the electrocatalyst
surface and diffuse into the electrolyte 45.
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1.1.1. 2 Thermodynamics and kinetics of the CO 2 reduction reaction

The conversion of CO 2 is kinetically difficult because it is a thermodynamically stable
molecule with a C=O bond energy of 805 kJ mol-1, requiring a large initial activation energy
for the reduction process.46 The single electron reduction of CO2 to CO2•– has a very high
thermodynamic potential, E0 of −1.90 V versus Standard hydrogen electrode (SHE) in
aqueous media (pH = 7). 29,47-49 Furthermore, the CO2 reduction competes with the hydrogen
evolution reaction (HER), which occurs as a cathodic half -reaction in aqueous electrolytes
at a similar thermodynamic potential (-0.42 V vs. SHE).

31

This remains as an issue for

effective and selective electrochemical CO 2 reduction.50-58 ECO2R manifests via multiple
proton-coupled electron transfer steps through the formation of different thermodynamically
favourable intermediates, which ultimately produces different products. 24,42,50,59-62 A range
of products that depend on the thermodynamic redox potentials for different half -reduction
reactions is given in Table 1. The half-reaction potentials only represent the minimum
thermodynamic potential required to activate the reactions, which depends on the electrolyte
media as well. 46,51,63-65

Table 1.1. Equilibrium potentials for some electrochemical CO 2 reduction reaction products
in aqueous solution (pH = 7).66
Equilibrium potential (E0) (V vs.

Electrochemical half-reactions

SHE)
CO2 + 2H+ +2eCO2 + 2H+ +2e-

→ CO + H2O

-0.52 V

→ HCOOH

-0.61 V

→ C2H5OH +

2CO2 + 12H+ +12e-

-0.33 V

3H2O
→ CH4 + 2H2O

-0.24 V

2CO2 +12H+ 12e- → C2H4 + 4H2O

-0.34 V

CO2 + 8H++ 8e-

CO2 + 6H+ + 6e2H+ + 2e-

→ CH3OH + H2O

-0.38 V

→ H2

-0.42 V
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CO2 + e-

→ CO2•⁻

-1.9 V

Because of the thermodynamic potential variations between different products are so small,
reducing CO2 into the desired chemicals with good selectivity is rather difficult. In addition,
binding energies of *COOH and *CO are usually associated via the “scaling relations,” hence
the positive correlation between the binding energy of *CO and *COOH makes it ha rd to
control them independently. 67-70 Furthermore, lowering overpotential is also challenging due
to the high thermodynamic potential required for the initial step of one electron transfer to
form CO2•– from CO2.71 To assess the electrocatalytic activity of catalysts for ECO2R, key
performance parameters used are discussed in the following section.

1.1.1. 3 Key performance parameters of ECO 2 R

The key performance parameters used to characterize the performance of an ECO2R system
mainly include Faradaic efficiency, current density, overpotential and Tafel slope.
Faradaic efficiency (FE). It is defined as the percentage of electrons consumed for the
formation of a given product.34 The equation FEA = n AzAF/Qtotal can be used to determine
this, where n A is the molar amount of product A, z A is the number of electrons transferred to
produce one molecule of A, F is Faraday's constant (96485 C mol -1), and Q is the total charge
passed during the reaction. It is an important performance parameter for ECO 2R, since it is
directly related to the product selectivity of the electrocatalyst.
Current density (j). The overall current density (jtotal) is usually calculated by dividing the
current flow by geometric surface area of the working electrode at a given potential.34 It can
be reported in gravimetric units based on the mass of catalysts. The partial current densities
for specific ECO2R product can be determined from the equation jA = FEA × jtotal. Based on
the electrochemical active surface area (ECSA), the intrinsic activity of the electrocatalyst in
terms of active-site dependent current density can be determined.
Overpotential (η). The absolute value of the difference between the applied potential (E) at
which the desired product is produced and the equilibrium potential (E 0) for a catalyst is
defined as overpotential, η = |E-E0|.
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Tafel slope. A Tafel plot is a graph that shows the relationship between a function of
overpotentials and the logarithm of a product's partial current density. The slope of the Tafel
plot is a valuable measure for determining the reaction mechanism for product formation. A
lower Tafel slope suggests better ECO 2R reaction kinetics. A Tafel slope of 120 mV dec -1 in
the ECO2R suggests that the rate-determining step is an initial one-electron transfer to CO2
to generate CO2•- intermediate (RDS). 71 The one-electron and subsequent transfer step prior
to the RDS to generate CO2•- intermediate is indicated by a slope of 59 mV dec -1.72

1.1.1. 4 Challenges of ECO2 R

Given the huge potential rewards, research into the development of electrocatalysts for CO 2
reduction has significantly escalated. In order to achieve the target performance metrics of
current density (>300 mA cm −2), FE (80–90%), and stability (>80000 h) for the practical
implementation of the process and make the products economically viable,73 the key
scientific challenges to overcome when developing an electrocatalyst currently include:
1) Large overpotential is required for the formation of CO2•– intermediate due to the high
energy barrier, which leads low energy efficiency.
2) Low reduction reaction rates caused by the sluggish kinetics of CO 2 as well as the
limited mass transferability of CO 2 to the electrocatalyst due to the poor solubility
of CO2 in aqueous electrolyte.74
3) Separation of products is costly, when the products obtained during the reduction is
a mixture of different gases and liquids.
4) Poor stability of the catalysts. During the reduction process, poisoning of the catalytic
active sites of electrocatalysts by reaction intermediates, by -products, and
contaminants from electrolytes reduces the catalyst's stability and results in
substantial deactivation.75,76
5) In aqueous solutions, the hydrogen evolution reaction competes with the ECO 2R. 34,77

1. 2

Catalysts for Heterogeneous ECO2R
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Catalysts for efficient ECO2R should minimize the activation barrier for the CO2 reduction
and facilitate the kinetic process while suppressing the HER to yield desired products with
high selectivity. They have the following characteristic features: selective CO2 reduction at
a low overpotential with high reaction rate and long-term durability.78 Many electrocatalysts
with notable performances have been reported to date. They include metals, metal oxides,
alloys, transition-metal dichalcogenides, carbon supported metallic catalysts and nonmetallic carbon catalysts. In this section, catalysts from selected categories are summarized
and tabulated to provide an indication of the progress in catalyst development. A systematic
discussion of the influential factors of electrocatalytic properties will be given in the next
section. This thesis focuses on the development of metal-based catalysts.

1.2. 1 Bulk metals
The catalytic activity of metal electrodes such as Cu, Au, Sn, and others has been studied for
electrochemical CO2 reduction since the early 1980s. 79,80 Theoretical and experimental
mechanistic studies of ECO 2R have been conducted to increase understanding of the
differences in selectivity and kinetic reaction pathways for the formation of different
products on bulk metallic catalysts. 66,80 Based on the final products and the binding ability
of various intermediates, metal electrodes can be categorized into four groups. 81,82 The
reaction pathways are illustrated in Figure 1.6,83 and the primary step is the chemical
adsorption of the CO2 molecule onto the electrode surface70. Group 1 metals include Sn, Hg,
Pb, Tl, In and Cd that produce formate or formic acid as the major products due to poor
binding of CO2•– intermediate. The formation proceeds through an outer-sphere mechanism
via the reaction between weakly adsorbed CO2•– radical and water. 79 Metals in other three
groups can stabilize the CO2•– radical and subsequently convert them into carboxyl
intermediate (*COOH) and *CO in later steps. The weak binding of *CO intermediate on
Group 2 metals including Au, Ag, Zn, Pd and Ga produces CO as the major product. By
contrast, the strong binding of *CO intermediate on Group 4 metals such as Ni, Fe, Pt, and
Ti poisons the catalyst surface and inhibits the further ECO2R. Cu is the only metal in Group
3 which has optimal binding energies for *COOH and *CO intermediates; hence, they can
be further converted into other intermediates (*COH or *CHO) to produce alcohols and
11

hydrocarbons.

Figure 1.6. Schematic of possible reaction pathways of ECO 2R on metal catalysts in aqueous
solution. Redrawn according to reference. 24 Species in red are reactants, in black are
intermediates, in magenta are by-products and in green are products.
The main products from the ECO2R using metal catalysts include CO, HCOOH (HCOO -),
CH4, C2H4, C2H6 and alcohols etc. The fine-tuning of binding energies of the major reaction
intermediates determines the energy efficiency and selectivity of electrochemical CO 2
reduction on various catalysts. When it comes to electrocatalytic CO 2 reduction, the
interaction between the catalyst surface and reaction intermediates is crucial. 84-86 Though
bulk metals display interesting performances for ECO 2R, their electrocatalytic selectivity,
activity and stability are not up to the mark of requirements for practical applications due to
their low specific surface area and proneness to poisoning. 37
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1.2. 2 Nanostructured metals
Significant and fast advances in the field of nanotechnology and nano science have created
extensively focused research on the development of nanocatalysts over the past few decades.
These have certainly outperformed their bulk counterparts due to their unique electronic,
chemical, surface, and morphological properties. The greatly improved surface area derived
from the nanostructure creates a greater number of active sites than bulk metals which can
enhance the electrocatalytic activity.876. These nanomaterials possess many grain boundaries,
low-coordinated sites, different crystal-facets that can remarkably influence the product
selectivity and catalytic performance parameters via altering the binding strength of reaction
intermediates and reaction pathways 88. In addition, improved tolerance to impurities or
contaminants in the electrolyte has also been noted.89 For example, Reske et al. synthesized
Cu nanoparticles (NPs) with different sizes ranging from 2 to 15 nm and analysed its
performance for ECO2R.90 These Cu NPs demonstrated a remarkable increase in overall
current density and product selectivity compared to bulk Cu electrode. Similarly, Lu et al.
fabricated a nanoporous silver (np-Ag) catalyst capable of converting CO2 to CO with a 92%
selectivity and better current density compared to polycrystalline Ag which was about 3000
times lower91
The structure of the catalyst plays a key role in the heterogeneous electrocatalysis since it
occurs at the interface between the electrode and bulk solution. This influences the adsorption
of species and electron/proton transfer to tailor the reactivity and selectivity 92 Table 1.2
summarizes the performance of some example nanostructured metal catalysts for ECO 2R,
demonstrating how structural characteristics such as morphology, size, and chemical state
influence performance (please see the following sections for detailed discussion).
Table 1.2. The performance of a few representative nanostructured metal catalysts for
ECO2R.
Catalyst

FE

Major

Potenti

Electrolyte

Current

(%)

product

al / V vs

density /

RHE

mA cm−2

Refs.

Tin NPs (3.5 nm)

64

HCOO-

1.2

0.1M KHCO3 ~3

93

Tin NPs

62

HCOO-

−0.89

0.1M KHCO3 11

94

13

80

HCOO-

−0.8

0.1M KHCO3 6

95

oxide 62

HCOO-

1.0V

0.5M KHCO3 ~2.2

96

oxide 63

HCOO

−0.99

0.1M KHCO3 7.6

97

nanowires 95

HCOO-

−0.69

0.5M

~16

98

7.3

99

19.18*

100

~18

101

57

102

~14.5

103

Tin oxide nanowires
Tin
nanostructure
Tin
nanostructure
Bismuth

NaHCO3
Bismuth NPs

94.7 HCOO-

−0.83

0.5 M
KHCO3

Bismuth nanosheets

86

HCOO-

−1.1

0.1 M
KHCO3

Bismuth nanosheets

~10

HCOO-

−1.1

0
Bismuth NPs

95

0.5M
NaHCO3

HCOO-

−1.16

0.5 M
KHCO3

Bismuth nanosheets

95

HCOO-

−0.90

0.5M
NaHCO3

Indium foam

86

HCOO

−0.86

0.5M KHCO3 6.7

104

Cobalt

~90

HCOO-

−0.33

0.1 M

~11.1

105

~2

106

M 22

107

oxide nanosheets
Palladium film

Na2SO4
55

HCOO-

−0.40

0.1 M
KHCO3

Palladium NPs

97

HCOO-

−0.40

0.5
KHCO3

Palladium NPs

91.2 CO

−0.89

0.1 M

~9.8

108

KHCO3
Palladium NPs

53.5 CO

−0.7

0.1M KHCO3 ~1.4

109

Zinc dendrites

79

−1.1

0.5M

~16.4 *

110

5.6

111

CO

NaHCO3
Zinc nanoplates

85.4 CO

−0.95
14

0.5 M KCl

Gold NPs (8 nm)

90

CO

−0.67

0.5

M 6.2 A g-1

112

M 1.84 A g-1

113

M 15

114

KHCO3
Gold NWs (3 nm)

94

CO

−0.35

0.5
KHCO3

Gold nano-needles

95

CO

−0.35

0.5
KHCO3

Gold NPs

94

CO

−0.35

0.5M

14 A g-1

115

NaHCO3
Gold clusters (1 nm)

73.7 CO

−0.57

0.1

M NA

116

KHCO3
Gold NPs (surface 91

CO

−0.39

adsorbed Cl−)
Silver NPs (5 nm)

0.2 M

~0.54

117

KHCO3
84

CO

−0.75

0.5

M ~2.3

118

M ~6.8

119

KHCO3
Silver NWs (35 nm)

80

CO

−0.9

0.5
KHCO3

Silver nanowire array 91

CO

−0.6

0.5 M

5

120

~1.2

121

~5.5

122

KHCO3
Silver nanoplates

96.8 CO

−0.85

0.1 M
KHCO3

Silver nanostructure

90

CO

−0.6

0.1 M
KHCO3

Copper

nanocubes 41

C2H4

-1.1

(44 nm)

M NA

123

M NA

124

KHCO3

Copper nano-flowers 5,

CH4,

14

C2H4

76

CH4

Copper NPs (7 nm)

0.1

-1.2

0.1
KHCO3

-1.35

0.1M

13.15

125

NaHCO3
Copper nanocubes

45,

C2H4,

22

C2H5OH

-1.0

0.1
KHCO3

15

M 35

126

Copper nanostructure 40

C2H4

+ -0.81

0.1

C2H6

+

KHCO3

M ~11

127

M 16.41

128

M ~6.7

129

M ~13.8

130

M 68

131

C2H5OH
Copper nanocrystals

10.6 n-

-0.95

C3H7OH
Copper NWs

55

CH4

0.1
KHCO3

-1.25

0.1
KHCO3

Copper hollow fiber

72

CO

-0.4

0.3
KHCO3

Cu nanocubes

60

C2H4+

-0.96

C2H5OH

0.1
KHCO3

+
C3H7OH

Note: NPs is the abbreviation for nanoparticles and NWs is for nanowires. * These results
were estimated based on the graphical results or the available information in the references.

1.2. 3 Nanoalloys
Alloying various metals has been regarded a viable strategy for fabricating metal catalysts,
because it can improve catalytic performance by changing the binding strength of important
reaction intermediates on the active sites.132 This approach is successful in creating a metallic
catalyst which has enhanced catalytic activity over the single metal catalyst. The alloying
strategy enables the catalyst surface to contain multiple active sites to adsorb different key
intermediates for selective product formation. 133 This can change the original scaling relation
between similarly adsorbed intermediates, thereby modulating the activity and selectivity for
CO2 conversion.134,135 For example, most *CO intermediates bind to the Cu surface through
the carbon coordination mode; however, fabricating Cu alloys with other oxophilic metals
(such as Ti, Nb, and W) can improve protonation of the *CO intermediates and selectively
stabilize *COOH and *CHO over *CO, resulting in enhanced catalytic performance and
selectivity towards C2+ products.133,136 Zhao et al. fabricated Au 3Cu alloy that displayed a
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higher current density with different product distributions.137 Au 3Cu boosted the production
of formate, methane, and ethylene due to the strong adsorption of *CO and which promoted
the further reduction while CO was the only product formed on Au nanoparticles. Kortlever
et al.138 synthesized a Pd-Au alloy with the goal of tuning the binding energy of intermediate
*CO by mixing a metal that binds *CO strongly (Pd) with a metal that binds *CO weakly
(Au). They claimed that the rate-determining step was the reduction of CO 2 to the *CO
intermediate, and hydrocarbons were produced via polymerization of *CH 2 intermediates
adsorbed on the alloy surface. Torelli et al.139 reported different compositions (NiGa, Ni3Ga,
and Ni5Ga3) of Ni-Ga alloy films for ECO2R. At low overpotentials, these alloy films were
able to reduce CO2 to a variety of compounds, including CH 4, CH3CH3, and CH2CH2, which
could not be generated on pure Ni or Ga phases. Their findings revealed that the presence of
Ga in the Ni film destabilized the Ni-CO interaction and slowed down the poisoning of the
surface.

Figure 1.7. Schematic illustration, TEM images, and the FEs for CO, CH 4, C2H4, and
C2H5OH on Cu-Pd nanoalloys with different structures. Adapted from reference140 ©
American Chemical Society.
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Ma et al.140 also explored the effects of homogeneity of the alloy for electroreduction of CO2
by fabricating CuPd alloy NPs with different atomic arrangements to evaluate the selective
formation of C1 or C2 products (Figure 1.7). Their findings revealed that the ordered CuPd
catalyst exhibited the highest selectivity for C 1 products (CO and CH4) compared with the
disordered and phase-separated CuPd catalysts (>80%), whereas the phase-separated CuPd
and Cu 3Pd catalysts exhibited a higher selectivity (>60%) for C2 products than that of CuPd3
or ordered CuPd. The selectivity of CuPd alloy catalysts is governed by the geometric effects
in which dimerization of C1 intermediates was higher on surfaces with neighbouring Cu
atoms.

Figure 1.8. a) TEM image of AuCu 3 nanoparticles (scale bar, 100 nm), relative turnover
rates (TORs) and mass activity for CO formation on Au–Cu bimetallic nanoparticles at
~−0.73 V vs RHE. b) HR-TEM images of Cu-In with fast Fourier transform (FFT) images
from the bulk and the surface (inset), EDS element mapping of the selected area: In (green),
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Cu (red) and the chronoamperometric analyses of Cu-In. Adapted from references 141,142 ©
Nature publishing group and © 2015, Wiley-VCH.
Kim et al. synthesized and tested the performance of bimetallic Au -Cu nanoparticle
monolayers141. They quantitatively compared the activity and selectivity as function of Au
and Cu composition. The catalyst with more Au composition exhibited the highest catalytic
activity (Figure 1.8a). Moreover, they showed that the achieving of efficient catalyst loading
resulted in a significant enhancement in mass activity. Due to changes in the electrical and
geometric effects78, it is feasible to tune the binding energies of critical intermediates in metal
alloy catalysts, resulting in greater catalytic performance than single metal electrocatalysts.
Guo et al. synthesized monodispersed Cu-Pt nanocrystals with various atomic ratios and
discovered that Cu-Pt (3:1) had a high selectivity and high current density for CH 4 generation
due to better *CO adsorption 143. Similarly, Rasul et al. synthesized a bimetallic Cu-In catalyst
by electrodepositing In on oxide-derived (OD) Cu 142 which could selectively convert CO2 to
CO (FE ~90%) at −0.5 V vs R.H.E with comparable total current densities with those
measured with OD Cu (Figure 1.8b). Based on their DFT calculations, incorporation of In
slightly altered the electronic structure of Cu which affected its adsorption ability and turned
into unfavourable H adsorption lead to better selectivity of the Cu–In electrode toward CO.
Table 1.3 gives more information about the current developments in alloy catalysts for
ECO2R.
Table 1.3. The performance of a few representative nano-alloy catalysts for ECO2R.
Catalyst

FE

Major

Potential

(%)

product

V

Electrolyte

vs

Current

Reference

density

RHE
Cu 64Au 36

CuAu 3

12,

C2H5OH,

15.9

CH3OH

65

CO

-0.41

0.5M

NA

144

NaHCO3
-0.73

0.1

M

230 A g-1

141

NaHCO3
Cu 3Pd 7

80

CO

-0.80

0.1
KHCO3
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M 0.62 mA
cm−2

145

Cu 11In 9

95

CO

-0.60

0.1

M 0.63 mA
cm−2

KHCO3
Cu 3Pt

21

CH4

-0.93

0.5

142

M NA

143

M NA

146

KHCO3
Cu-Ag

21.2

CH3COOH -1.33

0.5
KHCO3

Cu-Ag

60,

C2H4,

25

C2H5OH

Cu 2O-Ag 34.2

C2H5OH

-0.70

mA

147

M 1.75 mA

148

1 M KOH

300
cm-2

-1.20

0.1

cm-2

KHCO3
Au-Fe

97.6

CO

-0.40

0.5

M 11.3 mA
cm-2

KHCO3
Mo-Bi

71.2

CH3OH

-0.7

0.5

149

M ~17

[EMIM]BF4/

mA

150

mA

151

mA

152

cm-2

MeCN
Ag76Sn 24

80

CO

-0.80

0.5
NaHCO3

Pd-Sn

99

HCOO-

-0.43

0.5
KHCO3

M ~20
cm-2
M 1.8
cm-2

1.2. 4 Transitional Metal Oxides and Transition-Metal Chalcogenides
Transitional metal oxides (e.g., FeOx, TiO2, SnO2 and Cu 2O) have been explored for ECO2R
at moderate negative potentials in neutral or near-neutral electrolytes. Lee et al. have
investigated the electrocatalytic performance of SnO2. They have optimized the pH of
electrolyte and the applied potential to get maximum activity and stability for ECO2R
(Figure 1.9)153. Their findings suggested that the use of metal oxides in higher pH electrolyte
could allow for sustained high Faradaic efficiencies such as 60% for formate formation after
5 hours of operation due to the high stability of metal oxide at high pH which prevented the
reduction to metallic Sn. In most cases, metal oxide catalysts displayed better performance
in presence of ionic liquids or organic salts due to the promoted formation of *CO from the
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CO2•– intermediates. Chu et al. showed that TiO 2 could convert CO2 into low-density
polyethylene (LDPE) with a reasonable current efficiency of 14% in [EMIM]BF 4-H2O
solution 154. The polymerization of *CH 2 to LDPE was aided by the nanoporous structure of
TiO2. Interestingly, Ramesha et al. demonstrated that Ti3+ active sites of n-TiO2 could
convert CO2 to methanol with a 90% Faradaic efficiency in organic solution (0.1 M
tetraethylammonium perchlorate in acetonitrile) by making quick one-electron transfer
step.155

Figure 1.9. (a) SEM image of SnO2 electrode, (b) Potential dependent product selectivity as
represented by the ratio of Faradaic current densities for HCOO − and H2 production in log
function form on (i) SnO 2 and (ii) Sn electrodes. Adapted from reference 153 © American
Chemical Society and Wiley-VCH, © 2014.
Recently, MoO2 and Ga 2O3 have been also investigated as an electrocatalyst for ECO 2R
156,157.

For MoO2, the catalytic performance and selectivity were greatly dependent on the

water concentration and temperature of the organic solvents156. For example, formate and
oxalate were the major products at room temperature, while CO and oxalate were formed
with improved current densities at –20°C. Sekimoto et al.157 reported the ECO2R
performances on gallium oxide (Ga 2O3) with a 80% FE for formate formation. Their further
investigation on Sn/Si-doped Ga 2O3 showed improved FEs exceeding 80% for formate
owing to the improved conductivity of Ga 2O3 by Sn and Si dopants.
Only a few reports were available for the utilization of transition-metal chalcogenides
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(TMCs), the chemical compounds made up of at least one transition-metal element and one
chalcogen anion.158

The term chalcogenide usually refers to sulfides, selenides and

tellurides. The first use of them was reported by Yamaguchi. They synthesized iron-sulfide
and nickel-containing iron sulfide via hydrothermal method and analysed their ECO 2R
performance in CO2-saturated aqueous solution by mimicking the ancient ocean. 159 The
poly-allylamine hydrochloride (PAH) modified and Ni-containing compound FeNi2S4
displayed better efficiency and selectivity for CO and CH 4 formation due to its electron
donating capability, whereas pure FeS could not reduce CO 2 as expected. Chan et al. used
density functional theory (DFT) calculations to discuss the probability of using MoS 2, MoSe2
and Ni-doped MoS2 as catalysts for ECO 2R.160 Their findings described that edge sites,
namely the bridging S or Se atoms, could selectively bind the key CO 2 reduction
intermediates such as *COOH and *CHO while *CO binds to Mo edge atoms. All the edge
sites can selectively convert CO 2 to CO, whereas metal atom on the edge can convert CO2 to
alcohols and hydrocarbons. Asadi et al. reported the ECO 2R performance on the Moterminated edges of MoS2 in an ionic liquid electrolyte ([EMIM]BF4-H2O) with a very high
efficiency (98%) and a current density of 65 mA cm-2 at −0.764 V (vs. RHE) for the
conversion CO2 to CO (Figure 1.10),161 which can be attributed to the high d-electron
density on Mo-terminated edges of MoS2 as per their DFT calculations.
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Figure 1.10. a) SEM images of the MoS2, scale bars are 50 and 5 μm for inset. b) Raw
greyscale HAADF and false-colour low-angle annular dark-field (LAADF) image (inset) of
MoS2 edges (scale bar, 5 nm), c) Linear Sweep Voltammetry (LSV) curves for bulk MoS 2,
Ag nanoparticles (Ag NPs) and bulk Ag and d) FE CO and FEH2 at different applied potentials.
Adapted from the reference162 © Nature publishing group.
Later, nanostructured TMDCs including MoS2, WS2, MoSe2 and WSe2 nanoflakes, have
been explored for ECO 2R in EMIM-BF4 ionic liquid solution. Among these, WSe2 displayed
the best catalytic performance for the formation of CO owing to the lowest work function
and excellent electronic properties of W for faster electron transfer. Interestingly, Li et al.
fabricated amorphous molybdenum sulphide (MoS x) on a polyethylenimine modified
reduced graphene oxide and demonstrated its efficient ECO 2R performance in aqueous
electrolyte for the conversion of CO 2-to-CO with a high FECO of 85% and stability in longterm electrolysis at an overpotential of 540 mV. They revealed that the synergistic interaction
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between PEI and MoSx could improve the formation of CO while suppressing HER. They
have utilized an effective strategy of surface modification to enhance the ECO2R
performance of TMCDs in aqueous electrolytes rather than expensive ionic liquids.163

1. 3

Interfacial and surface tuning of metal catalysts

As ECO2R is an interfacial catalytic reaction, in which the reaction occurs at the electrodeelectrolyte interface. The surface of the catalyst plays an important role in a heterogeneous
catalytic reaction in which the reactant molecule gets adsorbed and subsequently converted
to products and later gets desorbed from the catalyst surface 164. The catalytic activity and
selectivity of the reaction primarily depend on the interfacial properties concerning catalyst
surface, electrolyte and mass transport.165 The catalytic reaction pathway is controlled by the
binding of key reaction intermediates on the surface, which could be regulated by the atomic
and electronic structure of the surface or interface. 166 With the current progress in the field
of nanotechnology, the great capability for tuning interfaces and surfaces of nanostructures
has provided a versatile tool for the development of efficient heterogeneous catalysts.

1.3. 1 Interfacial tuning

As the name suggests, interface exists between the boundary of different components such
as components within

catalyst. 167

The interfaces can be mainly classified into two

categories: metal-ligand interface and metal-support interface. 168 The metal-ligand interface
is also known as metal-adsorbate interface. Metal-support interface includes the metal-metal,
metal-metal oxide, and metal-carbon. Interfacial tuning is considered as an effective strategy
to improve the electrocatalytic activity of catalysts, which promotes the catalytic reaction
through alternating the electronic structure of catalysts.30,169

1.3.1. 1 Metal-ligand Interface

Metal-ligand interface is usually realized via a process of surface functionalization or
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modification 166. The interaction between metal and ligand can alter the electronic effects
which have a great influence on the inherent properties of catalysts.170 Besides, the ligands
have a steric effect which may tune the catalytic environment, altering the catalytic
properties.171 The reported ligands/adsorbates include inorganic ion ligands, functional
quantum dots and organic ligand molecules 172. Mostly, they can offer the function of tailoring
the electronic structure of metallic-catalytic centre, improving the CO2 adsorption and
stabilizing reaction intermediates.173
In 2012, based on the DFT calculations Nørskov et al. proposed that effective ECO2R
catalysts must have the capability of efficiently catalysing the protonation of the adsorbed
*CO to *CHO or *COH while inhibiting the competitive H 2 evolution. The presence of
certain ligands on the catalyst surface might stabilize the key intermediates and facilitate the
ECO2R.67 Wang et al. validated the claims by Nørskov et al., in which the ligand attached to
the catalyst surface facilitated the ECO2R via stabilizing key chemisorbed intermediates of
CHO* 174. They reported the substantially improved FE and current densities for the
formation of C2 and C3 hydrocarbon while suppressing HER on Cu electrodes when modified
by amino acid irrespective of the electrode morphologies including Cu foil, roughened Cu
and Cu NWs (Figure 1.11a). Based on their DFT calculations, the strong hydrogen-bond
formation between key intermediate *CHO and -NH3+ of the adsorbed zwitterionic glycine
stabilized *CHO for hydrocarbon formation. Later, Cao et al. reported the significantly
improved conversion of CO 2 to CO on N-heterocyclic (NHC) carbene-functionalized Au
NPs in 0.1 M KHCO 3 with high selectivity, reactivity and fast reaction kinetics (Figure
1.11b).175 They indicated that the strong interaction between carbene and Au NPs via σelectron donation created a highly electron-rich Au surface which facilitated the fast electron
transfer to CO2 molecules before the rate-determining step as indicated by a small Tafel
slope of 72 mV dec -1. The strong binding of carbene to gold surface influenced the gold
catalytic surface by a combination of electronic and geometric effects. From a geometric
viewpoint, the strong carbene-Au bond could destabilize the Au-Au bonding with
neighbouring atoms and resulted in the restructuring of Au NP surface and thus increased the
number of defect sites which led to better kinetics for ECO 2R. Later, the same group
demonstrated the enhanced C1 product formation with a high selectivity (FEC1~86%) on tris‐
N‐heterocyclic carbene (NHC) ligand functionalized Pd foil compared to the
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unfunctionalized Pd foil. Their results highlighted the surface organometallic chemistry
enabled the contribution of the chelate effect for tailoring and retaining the reactivity at
molecular-materials interfaces. 176

Figure 1.11. Product selectivity on surface functionalized Cu and Au catalysts, a) amino
acids modified Cu electrodes and b) N-heterocyclic carbene-functionalized Au. Adapted
from references 174,175 © RSC and American Chemical Society.
Fang et al.177 functionalized Au surfaces with three different thiol-tethered ligands, 2mercaptopropionic acid, 4-pyridinylethanemercaptan and cysteamine. These catalysts
demonstrated dramatic selectivity changes compared to the untreated Au surface. They
proposed that a proton-induced desorption mechanism correlated with the pKa of ligands
facilitated the proton transfer, which was accountable for the selectivity changes resulting in
more formate formation. Ahn et al.178 reported poly(acrylamide) modified electrodeposited
Cu foam with remarkable improvement in FE for ethylene formation (from 13% to 26%) at
-0.96 V vs. RHE. According to their DFT calculations, the poly(acrylamide) adsorbed on Cu
surface functioned as a multipoint binding catalytic system, where the interplay between
activation and stabilization of intermediates led to an enhanced selectivity for the C2H4
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formation.
Amine had been used as a modifier on metal catalysts by quite a few groups . The amine
modifiers are intrinsically effective in improving ECO2R via stabilizing the key intermediates
in CO2 reduction by forming hydrogen bonds or electrostatic interactions 178,179, and hence
improve the reaction kinetics while suppressing the competing H2 evolution reaction180. For
instance, Kim et al. 181 reported that amine functionalized Ag NPs was highly effective in
improving the selective CO production (FE up to 94.2%) by efficient suppression of HER
(Figure 1.12a). Their findings based on DFT calculations suggested that the amine modifier
played two important roles: i) efficiently minimizing HER through the destabilization of H
intermediate and promoted selective ECO2R and ii) stabilizing the key intermediates of
*COOH in ECO2R. Wang et al. 173 reported that the self-assembled monolayer cysteamine

modified Ag NPs could significantly improve the CO production with a 53-fold enhancement
in turnover frequency compared to non-modified Ag NPs at low overpotentials (Figure
1.12b). They provided a molecular-level understanding of the reaction mechanism by insitu spectroscopy analysis combined with the interpretation from quantum mechanics (QM)
calculations. They proposed that the formation of hydrogen bonds between chemisorbed CO2
molecule and NH2 terminal of cysteamine ligand provided an extra stabilization effect to
reduce the overpotential for CO formation through the combination of both electron dislocation and geometric CO 2 chemisorption effects. Zhao et al.182 reported an incredibly
high Au-specific mass activity ( >100 A g−1) with high FE (>60%) on amine modified
ultrasmall Au NPs on reduced graphene oxide support at moderate overpotentials as shown
in Figure 1.12c. They systematically investigated the modification of rGO-Au composite
with five primary amines and the influence of amine structure on the ECO2R performance.
Their findings revealed an amine-structure-dependent surface modification effect, in which
the linear amines promoted the conversion of CO 2 to CO, but branched amines suppressed it
due to the blocking of catalytic sites.
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Figure 1.12. Schematic illustration, TEM images and the potential dependent product
selectivity for CO formation on surface functionalized catalysts: a) amine modified Ag NPs,
b) self-assembled monolayer cysteamine modified Ag NPs, and c) amine modified ultrasmall
Au NPs on reduced graphene oxide support. Adapted from references 173,181,182 © American
Chemical Society and Wiley-VCH.
Recently, Xia et al. 183 used polydiallyldimethyl ammonium (PDDA) functionalized Pd as the
catalyst that demonstrated formation of CO with high FE (93%) and a current density of 300
mA cm-2 at -0.65 V (vs. RHE) when compared to non-functionalized Pd and commercial
Pd/C catalysts. Their findings suggested that the electron transfer from the quaternary
ammonium groups of PDDA to Pd nanoparticles tuned the binding energy of *CO
intermediate and facilitated its desorption to achieve highly selective CO formation. The
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addition of N-doped graphene quantum dots to single-crystalline Au NPs increased the
catalytic activity for CO 2-to-CO conversion with a high FE of 93% at a very low
overpotential of 0.14 V, according to Fu et al. 184, because the synergistic interaction between
Au NPs and N-doped graphene facilitated the adsorption of *COOH over the pyridinic N
sites. Furthermore, the alteration of Au NPs with carbon dots-C3N4 was revealed to have a
similar CO formation promoting effect. 185

Figure 1.13. SEM images of and the product selectivity on a) Cl - and CN- ions modified Au
electrodes, and b) boron modified Cu catalyst. Adapted from references 117,186 © American
Chemical Society and Nature publishing group.
Besides the molecular functionalization, the activity and selectivity of ECO 2R on catalysts
can be influenced by surface adsorbed ions (CN-, Cl-) or elements such as B, S, etc. as well.
Cho et al.117 reported that Au electrodes functionalized with CN and Cl anions could
effectively convert CO 2 to CO at lower overpotentials compared to un-modified Au (Figure
1.13a). They proposed that an appropriate coverage of chemisorbed anions efficiently
promoted the formation and stabilization of key reaction intermediate (*COOH) and
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enhanced the reaction kinetics for ECO 2R through the electronic effect. Similarly, Cl- ions
chemisorbed nanostructured Ag catalysts for CO187,188, halide adsorbed Cu based catalysts
for enhanced CH4 formation189,190 and C2-C3 products formation126 were reported.
Recently, Zhou et al. reported 186 the use of boron doping on the surface of copper catalyst to
tune the ratio of Cu δ+ to Cu 0 active sites, thus to improve the C2-product generation (79%)
and stability (~40 hours) as shown in Figure 1.13b. Their simulation results revealed that
the control of CO adsorption and dimerization for preferred C 2-products were enabled by the
tuning of average copper oxidation states. Similarly, sulfur modified Sn-based catalyst191,192
and sulfur modified Cu catalyst193 promoted the CO2-to-HCOOH conversion through the
enhanced formation of *OCHO intermediates by altering the electronic structure.

1.3.1. 2 Metal-Support Interface

Electrocatalysts with metal-support interaction can utilize the well-defined interface between
metal species and supporting components for better catalytic performance through the related
synergistic effects and cut down the usage of precious metals while maximizing utilization. 194
Tailoring the metal-support interface of catalysts at atomic level is essential to enable the
sensible design of robust efficient ECO2R catalysts with high activity, selectivity and
durability, through the regulation of adsorption strength, electronic structure, coordination
environment and binding energy 195,196.
Rogers et al. 197 synthesized Au NPs decorated graphene nanoribbons (GNR) that
demonstrated an excellent ECO2R performance, a maximum FECO > 90% at -0.2 V (vs. RHE)
with a superior stability of over 24 hours (Figure 1.14a). They proposed that the strong d-π
interaction of electrons modulated the electronic structure of Au NP and accelerated the
charge transfer from GNR to Au NPs which led to reduced onset overpotential. Also, they
suggested that methyl carboxylates bearing graphene edges stabilized the ECO2R
intermediates and thereby shifted the rate-limiting step and altered the electrocatalytic
reaction mechanism. Gao et al. 198 reported that Au NP-CeOx interfaces displayed
significantly enhanced activity and selectivity for ECO2R compared to the single components
(Au NPs or CeOx) as shown in Figure 1.14b. Their in-situ scanning tunnelling microscopy
(STEM) and synchrotron-radiation photoemission spectroscopy results revealed that the
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Au−CeOx interface was the dominant site for promoting CO2 adsorption and activation. Their
DFT calculations indicated that the synergistic interaction between Au and CeOx promoted
the stability of key carboxyl intermediate (*COOH) of CO2 to CO. Baturina et al.199
synthesized Cu NPs supported on onion-like carbon (OLC) which demonstrated higher
selectivity for C2H4 generation in comparison with rGO- and CNTs- supported ones. They
proposed that the enhanced selectivity towards C2H4 production was closely related to the
higher electrocatalytic activity of OLC support towards the conversion of CO2 to CO. A
higher CO concentration generated on OLC could transfer to the adjacent Cu NPs for CO
dimerization which led to the production of C2H4. Zhang et al.200 reported a 2D hierarchical
Pd/SnO2 structure, in which ultrathin Pd nanosheets were partially capped by SnO 2 NPs,
which displayed a high selectivity (FE ~ 55%) for CH 3OH formation at -0.24 V vs. RHE
(Figure 1.14c). They found that the hybrid structure catalyst was critical for improving the
selectivity and stability of the Pd catalyst through the enhanced adsorption of CO2 on SnO2
and partially exposed Pd adsorbed *CO for further reduction to CH3OH with the assistance
of Pd-O-Sn interfaces.
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Figure 1.14. Schematic illustration, TEM images and potential-dependent FE for CO from
the CO2 reduction on three different catalysts: (a) Au NPs on graphene nanoribbon, (b) Au
NPs on CeOx, and c) Pd nanosheets supported SnO 2 NPs. Adapted from references 197,198,200
© American Chemical Society and Wiley-VCH.
Li et al.201 synthesized a monodispersed Cu NPs on pyridinic-N rich graphene support
catalyst for ECO2R, and demonstrated the role of pyridinic-N in the composite which served
as CO2 and proton adsorber facilitating the hydrogenation and C-C coupling reactions for
C2H4 formation. Most recently, Kim et al202. reported an enhanced conversion (FE~68%) of
CO2-to-CO on TiC supported Au compared to Au on glassy carbon (Figure 1.15a). Their
findings suggested that the local sp-band charge transfer and shift in d-band played an
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important role in the bonding with both *CO and *COOH intermediates. The interface
between Ti and Au maximized the electronic effect that improved the catalytic activity of
Au/TiC and the subsequent CO production. Wu et al194. synthesized atomically bismuth
nanoparticles on reduced graphene oxide that displayed efficient conversion of CO2 to
formate with a high FE (92%) and current density (28 mA cm-2) at -0.97 V vs R.H.E as shown
in Figure 1.15b. Their experimental evidence revealed that the strong metal-support
interaction contributed to the enhanced electrochemical CO 2 reduction activity by improving
the interfacial electron transfer ability.

Figure 1.15. TEM images and the FE trend for product formation on two different catalysts:
(a) Au on TiC and (b) Bi NPs on reduced graphene oxide. Adapted from references 194,202 ©
American Chemical Society and Elsevier.
Moreover, the synthesis of core-shell structures to maximise the benefits of metal-support
interaction provides a great opportunity to tune the electrocatalytic capability of metals via
the modulation of the electronic structure by strain engineering, the alteration of active sites
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by surface engineering and the tuning of synergistic effect by phase engineering.203,204 For
example, Li et al. 205 reported a Cu-SnO2 core-shell structure synthesized via seed mediated
method. It exhibited a good ECO2R performance depended on the SnO2 shell thickness; in
which the thicker shell showed a high formation of formate (FE~85%) and thinner shell
produced more CO (FE~93%) as shown in Figure 1.16a. Their DFT calculations suggested
that the coexistence of uniaxial compression and subsurface or surface Cu atoms promoted
the CO formation on the catalyst with thinner shell.

Figure 1.16. Two different core-shell structured catalysts and their potential-dependent FE
trend for product formation: (a) Cu-SnO2 NPs core-shell structure (with electron energy loss
spectroscopy (EELS) image), and (b) Au-Fe core-shell NPs (with schematic illustration and
TEM image). Adapted from references 149,205 © American Chemical Society.
Humphrey et al. 206 explored the ECO2R performance on Au-Pd NPs in a core-shell structure
with different shell thicknesses. The shell thickness of Pd greatly influenced the products
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formed. Au-PD NPs with 1 nm thin shells produced CO and H2 whereas, NPs with 5 nm and
10 nm thick shells produced HCOO-, CH4 and C2H6. They drew a conclusion that the
absorbed hydrogen at Pd lattices increased the CO affinity and promoted the hydrogenation
to C1 and C2 alkanes without the formation of alcohols and aldehydes. Sun et al.149
synthesized core-shell Au-Fe NPs and evaluated the ECO2R performance, which displayed
excellent selectivity, long-term stability (90h) and nearly 100-fold increase in mass activity
(48.2 mA/mg) at lower overpotential than bare Au NPs as shown in Figure 1.16b. Based on
the DFT and Quantum Mechanics (QM) calculations, they claimed that the improved
performance on Au-Fe at reduced overpotential could be attributed to the presence of
subsurface Fe and surface defects formed due to the leaching of surface Fe during the
synthesis. Wang et al.207 reported an enhanced ECO2R performance on Cu-Sn NWs in coreshell structure in terms of high selectivity (FE ~ 90%) and durability (10 h). Their DFT
calculations indicated that Sn atoms on CuO(111) surface could substantially improve the
adsorption of CO2 and suppress H2 production.

1.3. 2 Surface tuning
Surface tuning of the catalyst can tune the density of catalytic sites through the alteration of
the surface structure thus enhancing the product selectivity and intrinsic activity of the
catalyst.30,208 This includes the tuning of particle size, morphology, crystal facets, grain
boundary and surface chemical state. 209 The tuning of surface can not only enhance the
electrochemical surface area but also stabilize active sites. The design of an ideal catalyst
surface architecture means a highly porous surface hierarchy with a delicate atom
arrangement, which can induce a nanoconfinement effect.210 This may increase the
possibility of CO2 or reduction reaction intermediates to interact with catalysts, hence
enhancing the ability for CO 2 adsorption and conversion. Besides the intermediate trapping,
it also influences the mass transport and charge transfer. 133
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1.3.2. 1

Size and morphology

Investigation of critical structural factors of nanostructured metal catalysts such as specific
size and shape for ECO2R became possible with the aid of rapid development in colloidal
chemistry. For example, Zhu et al. 112 explored the electrocatalytic activity of monodispersed
Au NPs in variable sizes (4, 6, 8 and 10 nm) for the formation of CO, and found that the 8
nm sized Au NPs catalyst was the best-performing one (highest FECO) as shown in Figure
1.17a. With the DFT calculations they suggested that the edge sites stabilized the * COOH
intermediate and favoured CO formation whereas the corner sites strongly bound the *H and
facilitated HER. The same group further investigated the size dependent ECO2R performance
on Au NWs with different length. 113 Au NWs with the highest length of 500 nm displayed
the highest FE (94%) for CO formation at a low overpotential (0.24 V). Their DFT
calculations revealed that the high density of edge sites promoted the stability of key
intermediate (*COOH) and facilitated *CO release. Similarly, Reske et al. 90 reported the
particle size effects of Cu NPs for ECO2R, a dramatic increase in the catalytic activity and
selectivity when the size of NPs was decreased (Figure 1.17b). According to the DFT
calculations, the population of low-coordinated surface sites had significantly increased with
the decrease in particle size. These low-coordinated sites could effectively bind *H and
*COOH intermediates that facilitated the CO2 to CO reduction while inhibiting the
production of hydrocarbons, whereas large NPs displayed high selectivity for hydrocarbons
owing to the reduced number of low-coordinated sites. These conclusions have been
confirmed by the report about Cu NPs of 7 nm125 and 12 nm211. Salehi-Khojin et al.212
explored the size-dependent performance of Ag NPs (1-70 nm) for the conversion CO 2 to
CO, and the 5nm-sized particles exhibited the highest conversion (Figure 1.17c). They found
that catalytic activity increased with the decrease in particle size and then activity dropped
when down to even smaller nanoparticle size (1nm) owing to the strong binding of *CO
intermediate.
Gao et al.108 reported the size dependent electrocatalytic conversion of CO2 to CO on Pd
NPs with various sizes ranging from 2.4 nm to 10.3 nm. Among them, the 3.7nm -sized
particles exhibited the highest FE of 91.2% with an 18.4-fold increase in current density.
Based on DFT calculations they suggested that the extra edge and corner sites facilitated the
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adsorption of CO2 and the formation of key reaction intermediate COOH*. Similarly, the
nanoparticles of Bi213, Sn 214, and Zn 215 have shown similar size effect on ECO2R.

Figure 1.17. TEM images of and the article size dependent catalytic activity trend on three
different catalysts: (a) monodisperse Au NPs, (b) Cu NPs, and (c) Ag NPs. Adapted from
references90,112 212 © American Chemical Society.
Besides the size effects, the morphology tuning is also considered as an effective strategy to
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enhance the ECO2R activity. For example, Liu et al. 121 demonstrated the shape-dependent
ECO2R performance on triangular silver nanoplates in comparison with similar-sized Ag
NPs and bulk Ag. Among them, triangular Ag nanoplates displayed a substantially improved
CO formation (FE ~ 96.8%) with enhanced current density at -0.86 V vs. RHE as shown in
Figure 1.18a. DFT calculations revealed that the drastically enhanced electrocatalytic
activity and selectivity at reduced overpotential originated from the optimum edge-to-corner
ratio provided by the shape-controlled structure dominated by Ag (100) facet where lower
energy was required to initiate the rate-determining step.

Figure 1.18. TEM images of three different catalysts and the corresponding shape dependent
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catalytic activity trend: (a) Ag, (b) Pd, and (c) Cu nanostructures. Adapted from
references109,121,123 © American Chemical Society and Wiley-VCH.
Huang et al. 109 elucidated the shape effect for ECO2R by comparing Pd octahedra and
icosahedra with similar particle sizes. The Pd icosahedra catalyst exhibited a high FE of
91.1% for CO formation at -0.8 V vs. RHE, which was 1.7-fold higher than that of Pd
octahedra at -0.7 V (Figure 1.18b). The molecular dynamic simulations in combination with
DFT calculations revealed that the shape effect was attributed to the different surface strains.
For example, the tensile strain on the Pd icosahedra surface improved the catalytic activity
by shifting up the d-band centre which strengthened the adsorption of key intermediate
*COOH. The strain effect was further verified by the surface valence‐band photoemission
spectra. Similarly, Zhu et al. 216 explored the shape-controlled ECO2R on nanosized Pd cubes
and octahedra particles. The Pd octahedra particles displayed better activity and higher CO
selectivity (up to 95%) than Pd cubes. Based on DFT calculations, the high CO selectivity
and activity on Pd octahedra were attributed to the weak binding of *CO on PdH (phase
transition of Pd-to-Pd hydride under reaction conditions).
Loiudice et al.123 reported high intrinsic activity for ECO2R on cube-shaped Cu NPs
compared with the spheres. Additionally, these cubes displayed a size-dependent product
selectivity. The cubes with edge length of 44 nm showed the highest FE (41%) for C 2H4
formation, ascribed to the optimal ratio of edge/facet (100) as shown in Figure 1.18c. The
nanostructured metal catalysts with regular structures including Zn hexagonal nanoplate 111,
Ag nanocube217 and irregular structure such as Zn dendrites110, nanoporous Ag91, concave
Au NPs218, porous Au nanostructures219 and Cu nanoflowers220 etc. have also been explored.
The size and shape effects mainly contributed to the binding strength of intermediates such
as *COOH and *CO on edges, corner and terrace sites.

1.3.2. 2 Grain boundaries

Grain boundaries produce strained regions in polycrystalline materials by stabilizing
dislocations to create high-energy surfaces for catalysis.221 Grain boundaries (GBs) are
identified as active sites for ECO2R. Density and structure of GBs can affect the product
39

distribution. 222 For example, Li et al. proposed that the significantly improved ECO 2R
performance on oxide-derived copper catalysts could derive from high GB density. 71,222
Feng et al.115,223 from the same group reported the quantitative correlation between GBs and
ECO2R on Cu NPs and Au NPs (Figure 1.19). Kim et al.224 reported the theoretical
explanation on the mechanism of ECO2R at GBs on the Au(111) surface using DFT
calculations. They found that the broken local spatial symmetry near a GB boosted the Au
metal-ligand π-backbonding capability, which resulted in effective stabilization of the
*COOH intermediate and thus enriched the CO2 reduction activity at reduced overpotential.
Dong et al.225 also explored the tuneable selectivity and activity of Au catalysts using DFT
calculations. They suggested that GB engineering at specific facet could control the
selectivity of Au catalyst to produce more value-added fuels.

Figure 1.19. TEM image and the correlation between CO partial current density (j CO) and
GB surface density at low overpotentials on Au NPs. Adapted from reference 115 © American
Chemical Society.
Recently, Mariano et al.226 provided a broader exploitation of grain boundary effects in
ECO2R. They verified that grain-boundary surface terminations were more active for the
CO2-to-CO conversion at low overpotentials than the competing HER on Au electrodes
based on the electrochemical measurements combined with scanning electrochemical cell
microscopy (SECCM) with a sub-micrometre resolution. They revealed that the dislocationinduced strain field was responsible for the enhanced electrocatalytic activity at GBs and
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proposed two potential explanations: i) dislocation induced lattice strain at the surface could
tailor the binding energies of key ECO2R intermediates which reduced the overall barrier, ii)
dislocation surface terminations may generate high step densities which were more active
than terraces. High-density and stable GBs on the catalyst surface are needed to enhance the
activity of catalysts. The key role of GBs was also experimentally demonstrated on other
catalysts such as reduced SnO 2 NWs for the CO2-to-HCOOH conversion 95, ultra-small SnO2
nanoparticles for CO2-to-HCOOH93 and Cu based catalysts for the conversion to C2 and C3
products227.

1.3.2. 3

Crystal facets

Crystal facet influences the intrinsic electronic property of the catalyst and ultimately
regulates the reaction kinetics through the alteration of binding energies of reaction
intermediates. 228 Previous works on metallic catalysts have demonstrated that the catalytic
activity and selectivity of ECO2R are closely related to the crystal orientation.229,230 For
example, Kuhl et al. demonstrated the crystal facets depending product selectivity between
CH4 and C2H4 on Cu catalyst, in which Cu(111) facets favoured the formation of CH4 and
Cu(100) facets favoured the C2H4 production 231. Their conclusions were similar to that on
single-crystal Cu catalyst from Hori et al. 232: Cu(111) favoured the formation of CH 4,
whereas Cu(100) preferred to the CO 2 to C2H4 conversion. They also suggested that
introducing Cu (111) steps to the (100) facet of Cu improved the selectivity of C2H4. Based
on theoretical studies using DFT calculations, Calle‐Vallejo et al.233 stated that Cu(100)
facilitated the formation of C2H4 via CO dimerization. Schouten et al.234 verified that
Cu(111) prefers the protonation of CO and resulted in the formation of CH4.
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Figure 1.20. Faradaic efficiencies of CO 2 reduction products formed on Cu(100), Cu(111)
and Cu(110) surfaces. Adapted from references 235 © American Chemical Society.
Huang et al.235 demonstrated the selectivity of CO 2 electroreduction toward C2 products on
Cu (100), Cu (110) and Cu (111) single‐crystal surfaces (Figure 1.20). They revealed two
general trends for the formation of C 2 products: i) more negative onset potential (300-400
mV) was required for the C2H4 formation than that for CO evolution, ii) significant amount
of CO was generated prior to the formation of C 2H4. They predicted that the C2H4 formation
generally started from the dimerization of CO* on Cu (100) which facilitated this reaction
since it held the lowest energy barrier. Furthermore, crystal facets on nanostructured Cu
catalysts also significantly affected the selectivity of C2H4.236,237 For example, Cu nanocubes
displayed the enhanced selectivity of C2H4 during ECO2R ascribed to the (100) facets on the
cubic structures123.
Apart from Cu, other metallic catalysts also demonstrated a strong crystal facet dependence
on the selectivity for ECO2R. For instance, Hoshi et al. 238 reported that the main products
from ECO2R on Ag were CO and formate at three low index planes of Ag (100), Ag (110),
and Ag (111). Among these crystal facets, the selectivity of CO evolution followed an order
Ag (110) > Ag (111) > Ag (100). For the formation of formate, the order was slightly changed
in the way (110) > (111) > (100) because that the roughest and active‐site‐abundant nature
of Ag (110) offered the highest catalytic activity for ECO2R. Similarly, Klinkova et al.107
reported the crystal facet dependent selectivity of Pd for ECO2R, which followed a sequence
of Pd (110) > Pd (111) > Pd (100). They conducted DFT calculation studies of Pd (111), Pd
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(110), Pd (100), Pd (211) nanoparticles and a Pd 19 cluster, and revealed the influence of
surface atomic coordination on ECO2R. As the surface index increased, *COOH became
more stable while it reduced the stability of *CO intermediate and led to sharper features of
less vulnerability to CO poisoning and simultaneously possessed a higher selectivity for
formate production.

1.3.2. 4

Oxide derivation

Metal electrodes derived from corresponding oxides have demonstrated enhanced catalytic
activity for ECO2R that arise from surface roughness, grain boundary etc. 239 Such types of
Cu, Au and Sn catalysts have been extensively used for ECO 2R. Li et al.71,222 synthesized
oxide derived Cu electrode through in-situ electrochemical reduction of thermally grown
Cu 2O, which efficiently reduced CO 2 to CO and HCOOH with good stability and high
current density at much lower overpotentials than polycrystalline Cu (Figure 1.21a). They
suggested that the enhanced activity was attributed to the active sites on the grain boundaries
formed during the conversion of Cu 2O to Cu which stabilised the strong CO-binding sites.
Kas et al.240 found that the thickness of parent Cu 2O layer had greater influence on the
product distribution, in which thin Cu 2O layer yielded ethylene whereas thicker Cu 2O
produced large amount of ethane for oxide-derived (OD) Cu nanoparticles. Chen et al.72
synthesized OD Au nanoparticles from Au oxide films, which had a 96 % FE for CO and a
significantly greater current density than polycrystalline Au at -0.4 V vs. RHE (Figure
1.21b). They hypothesized a reaction mechanism in which a quick pre-equilibrium step prior
to the rate limiting step stabilized the CO2•– intermediate on OD Au, resulting in increased
catalytic activity.
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Figure 1.21. Two different oxide-derived catalysts and the comparison between FEs for
products formation on oxide-derived and their bulk counterparts: a) Cu and b) Au. Adapted
from references71,72 © American Chemical Society.
Zhang et al.214 used electroreduction to fabricate OD Sn from SnO2 nanoparticles prepared
by a hydrothermal technique. They observed that the particle size of OD Sn had an impact
on its catalytic performance. With the reduction in size, the efficiency of formate production
increased. The electrocatalytic properties of other oxide-derived metal catalysts such as
Ag241, Zn 242, Pb 243 and Pd have been also explored. 244.

1. 4

Thesis Objective

Renewable electricity-powered electrochemical reduction of CO 2 to value-added chemicals
or fuels has been well-accepted as a promising technology that will make a huge contribution
towards lowering the atmospheric concentration of CO 2 and closing the carbon cycle. Robust
and efficient electrocatalysts are needed to promote the conversion of CO 2 into value-added
44

products due to sluggish kinetics. Over the past few decades, numerous nanostructured
metal-based catalysts with various tuneable parameters and remarkable intrinsic activity have
been developed with the recent rapid developments in advanced nanoscience and
nanotechnology. However, the challenges of poor selectivity, low energy efficiency and poor
durability are to be addressed in order to develop catalysts that can meet the technical and
economic needs for the practical implementation of ECO2R technology.
The rational design of robust, efficient, and inexpensive catalysts possesses a pivotal role in
comprehending the conversion of CO2-to-targeted product with high current density and
selectivity at low overpotentials. Interfacial and surface engineering the composition and/or
surface are two effective approaches to improve the electrocatalytic activity of the catalyst.
The catalytic properties are altered by enhancing the intrinsic activity, modulating the
electronic structure at the interface.
The aim of this thesis is to develop efficient catalysts for electroreduction of CO2 via
interfacial and surface engineering strategies of nanostructured metals-based catalysts.
Throughout various PhD studies, three types of low-cost and high-performance catalysts
have been developed via facile synthesis methods, which include core-shell structured AuPANI nanocomposite, copper decorated nitrogen doped carbon composite, and Cu xOderived Cu NWs. A short introduction to these works is given below in this thesis.
In chapter 3, a core-shell structured gold-polyaniline nanocomposite catalyst is developed
which exhibits superior catalytic activity to the single component counterparts and the
carbonized nanocomposites. The direct redox reaction between aniline and gold salt creates
a shape-tailored

Au-PANI nanocomposites in a posy-bouquet-like morphology. The

synergistic interaction between gold and polyaniline through σ electron donation from PANI
to Au facilitates the CO 2 adsorption and stabilization of key reaction intermediates. This
work demonstrates the key role played by PANI layer in Au-PANI composite for enhanced
ECO2R. This work explores the composition and core-shell interface effect of heterogenous
catalysts.
Apart from the core-shell interface, in chapter 4, metal-support interface effect has been
studied to boost the electrocatalytic activity using copper decorated N-doped carbon
composite catalyst, which is synthesized via a facile and scalable glucose-blowing method
with urea as the nitrogen source. The constructed nanoscale Cu-N doped porous carbon
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interfaces has significant influence on the improved selectivity and activity for CO 2-toHCOO- conversion. The electrocatalytic performance is also affected by the coverage of Cu
species on N-doped carbon. The electronic interaction between Cu NPs and N-doped porous
carbon is proposed as the major reason behind the facilitated CO 2 activation and protonation
leading to enhanced catalytic activity. This work reveals the important role of metal-carbon
substrate interaction in tuning the electrocatalytic properties of Cu catalysts.
Besides the interfacial tuning, surface engineering strategy has been utilized in chapter 5, to
develop efficient and low-cost metal-based electrocatalyst, wherein oxide-derived vertically
aligned Cu NWs catalyst is developed with the length of nanowires in the range of 1.5 µm to
2.7 µm. Cu NWs display excellent length-dependent catalytic activity for the conversion of
CO2 to C1 products (CO and formate) at moderate overpotentials. The Cu NWs with average
length ≤ 2.3µm displays high CO/formate ratio, while low CO/formate ratio for longer
nanowires (≥ 2.7 µm). The length-dependent tuneable selectivity may be correlated to the
surface roughness and local pH effects. This work highlights the influence of surface tuning
on the product selectivity.
The works carried out in this thesis have clearly expressed that the electrocatalytic
performance of nanostructured metal catalysts can be easily tuned by modifying the
composition of catalyst, creating metal-carbon interfacial interaction and surface
engineering.
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1. Chapter 2- Experimental Methods
The chemicals and materials used for the synthesis of catalysts, the characterization methods
for materials and electrodes including topographical, compositional and catalytic
performance analysis utilized in this doctoral study are briefly stated in this chapter.

2.1 Materials and Chemical Reagents

Materials and chemical reagents used in this study are given in Table 2.1. They were used as
received unless stated.

Table 1.1. Materials and chemicals used in this thesis.
Reagent/Material

Grade/Batch/Purity

Supplier

Task

Aniline monomer

≥99.5%, ACS Reagent

Sigma-Aldrich

Synthesis of

Gold(III) chloride

≥99.9%, Analytical

Sigma-Aldrich

gold-polyaniline
nanocomposite

trihydrate
Potassium

≥99.95%, Analytical

Sigma-Aldrich

PANI and Au

bicarbonate
Ammonium

98%, ACS Reagent

Sigma-Aldrich

NPs
(Chapter 3)

peroxidodisulfate
Sodium

(Au-PANI),

≥98%, Analytical

Sigma-Aldrich

borohydride
Copper (II) chloride 99.0%, ACS Reagent

Sigma-Aldrich

dihydrate

Synthesis of CuNC composite
(Chapter 4)

Glucose

98%, ACS Reagent

Sigma-Aldrich

Urea

99.0-100.5%, ACS Reagent

Sigma-Aldrich
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Ammonium

≥99.5%, ACS Reagent

Sigma-Aldrich

chloride

Copper mesh

Nafion® 117

0.12mm, Wires/inch:80x80,

Goodfellow

Synthesis of Cu

Type: Plain Weave Mesh

Cambridge

NWs

Limited

(Chapter 5)

Sigma-Aldrich

Preparation of

5 wt%

solution

gas diffusion

Carbon paper (GDL 225 ± 30 µm thick

SGL Carbon

electrodes
(Chapter 3 & 4)

38AA)
Carbon black

Vulcan XC72

1-propanesulfonic

99.7%,

Cabot Corp.
Sigma-Aldrich

acid 3-

Liquid product
analysis

(trimethylsilyl)

(Chapter 4 & 5)

sodium salt (DSS)
Deuterium oxide

99.9%

Cambridge

(D2O)

Isotope Lab

2.2 Material Characterizations
This section is a brief discussion about the characterization methods used for the synthesized
catalysts and the fabricated electrodes (cathodes) for electroreduction of CO 2 in this study.
The structural and electrochemical analysis enable the understanding of the developed
catalysts and provide guidelines for the coherent design of efficient catalysts for targeted
products.

2.2.1 Physicochemical Characterizations
The physical and chemical properties characterization techniques involved in this study
include X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), scanning
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transmission electron microscopy (STEM) in combination with energy -dispersive X-ray
spectroscopy (EDS), Raman spectroscopy and thermal gravimetric analysis (TGA).

2.2.1.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is an analytical method to obtain information about the atomic and
molecular structure of the material. It is a primary technique used for the identification and
characterization of materials based on the diffraction pattern 245. Briefly, when an incident
beam of monochromatic X-rays interacts with a sample material, the X-rays get scattered
from atoms within the target material. This causes the diffraction pattern depending on the
size, shape and arrangement of the atoms in the unit cell of the sample. This analysis produces
a plot of the intensity of X-rays scattered at different angles by the sample and this is used to
identify the sample material. In this study, the XRD analyses were carried out on GBC MMA
diffractometer with Cu Kα radiation at a scan rate of 3 degrees min -1.

2.2.1.2 Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS)

Scanning electron microscopy is an imaging technique which uses a focused beam of
electrons to scan the sample surface. The interaction of the electron beam with atoms on the
sample surface produces various signals such as secondary electrons, back -scattered
electrons (BSE), characteristic X-rays, light specimen currents and transmitted electrons
which comprise information about composition and surface topography 246. Two modes of
imaging are widely used, depending on the signal produced. The most common SEM image
produced by the secondary electrons emitted by the atoms on the sample surface and
detection of these provides an image showing the morphology and topography of the sample.
Backscattered electron imaging reveals the difference in atomic number over the sample.
Energy-dispersive X-ray spectrometer coupled with SEM detects the X-rays produced from
the sample and gives information about the elemental composition of the sample. All the
samples analysed throughout this study have sufficient electrical conductivity and were
directly stuck on the carbon tape and attached on the aluminium sample holder for use. All
the SEM images were recorded on a JEOL JSM7500 FA electron microscope with a co ld49

field gun under a working voltage of 5 or 10 kV with an emission current of 10 µA.

2.2.1.3 Transmission Electron Microscopy (TEM) and Scanning Transmission
Electron Microscope (STEM)
Transmission electron microscopy is a technique in which the accelerated electron beam is
transmitted through the very thin specimen to observe features such as structure and
morphology of small specimens to the atomic level247. The interaction of electrons with the
ultra-thin specimen when it transmits through produces the image on to a fluorescent screen
and the digital image of which is produced by the charge-coupled device camera. By
combining with additional detectors like energy-dispersive X-ray spectroscopy (EDS)
detector and a high-angle annular-dark-field (HAADF) detector the TEM can be modified
into a scanning transmission electron microscope (STEM). A well-dispersed sample in
ethanol was drop cast onto a lacy carbon film supported copper or gold grid. The 200 kV
conventional LaB6 TEM (JEOL JEM-2010) was utilized for collecting the bright-field TEM
images and 200 kV probe corrected STEM (JEOL JEM-ARM200F) was used for collecting
the HAADF-STEM images and EDS mapping images with atomic resolution.

2.2.1.4 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a quantitative technique used to analyse surface
chemistry and provides information about elemental composition, chemical and electronic
state, empirical formula of the material248. XPS spectra are collected by measuring the
number and kinetic energy of the electrons ejected from the top surface of the sample when
irradiated with X-rays. Generally, the XPS spectrum is a plot of number of electrons detected
at specific binding energy and each element produces characteristic XPS peaks
corresponding to electronic configuration. The XPS spectra including survey scans and
regional scans collected for this study were recorded on a SES2002 analyser (Scienta) using
Al Kα (1486.6 eV) radiation with a pass energy of 200 eV and 20 eV respectively. The
samples analysed without any pre-treatment were stuck on the carbon tape and fixed to the
sample holder.
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2.2.1.5 Raman Spectroscopy
Raman Spectroscopy is a non-destructive spectroscopic technique to detect the vibrational,
rotational and other low-frequency modes to identify a sample by providing the unique
structural fingerprint and detailed information about phase, polymorphy, crystallinity and
molecular interactions 249. It is based on the inelastic scattering or Raman scattering of
monochromatic light (typically laser) by molecular vibrations, phonons, or other excitations
in the system, which results in the laser photons' energy being shifted up or down. The
vibrational modes in the system are indicated by this energy shift. A Jobin-Yvon Horiba 800
with a 632.8 nm laser was used to acquire Raman spectra for this work. The samples were
placed on a clean glass slide and then examined.

2.2.1.6 Thermo-gravimetric analysis (TGA)
Thermo-gravimetric analysis (TGA) is a thermal analysis method used to study the thermal
stability of the material, in which the mass of the material is monitored as a function of
temperature or time as material is subjected to a controlled temperature in a controlled
atmosphere 250. The measurement delivers information regarding changes in physical and
chemical phenomena such as phase transition, thermal decomposition and chemisorptions.
The plot generated from the analysis is known as thermogram or thermogravimetric curve.
In this study, TGA was performed on the Q500 (TA Instruments) at a heating rate of 5 °C
min -1 in air atmosphere.

2.2.2 Electrochemical Characterizations
The electrocatalytic performances of the catalysts were assessed by linear sweep
voltammetry (LSV), cyclic voltammetry (CV), and constant potential amperometry (CPA).
All the electrochemical measurements were carried out in a gas-tight two-compartment glass
H-cell with an online set-up. The cathodic and anodic compartments were separated by the
Nafion membrane. Each compartment of the cell held 30 mL of electrolyte with a headspace
of ~20 mL (Figure 2.1).
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Figure 1.1. Image of the two-compartment H-cell.
All the electrochemical measurements were carried out on a potentiostat (CH Instrument
650D). Automatic iR compensation function on the potentiostat was used to correct all the
potentials. The potentials measured against Ag/AgCl reference electrode were converted to
the reversible hydrogen electrode (RHE) scale using the following equation, ERHE = EAg/AgCl
+ 0.21 + 0.0591 × pH. The pH of the CO 2-saturated 0.1 M KHCO3 was 6.8. The current
density reported in this work was normalized to the geometric area.

2.2.2.1 Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV)

Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry measure the current response of
the working electrode while the potential applied on the working electrode vs. reference
electrode sweeps linearly with time. In LSV, the applied potential ramps to a set potential
whereas in CV, the potential is ramped in the opposite direction to get back to the initial
potential after reaching the set potential 251. The peaks in the current response registered as
oxidation or reduction of species at the potential where it oxidized or reduced. Usually, LSV
is used to evaluate the heterogenous ECO 2R since it is an irreversible reduction process.
Whereas CV is used to analyse the redox reactivity of molecular catalysts in homogenous
ECO2R.
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2.2.2.2 Constant-potential amperometry (CPA)

Constant-potential amperometry (CPA) is an electrochemical technique where the current
response measured while the potential difference between the working electrode and the
reference electrode is kept constant. In the ECO 2R, this technique is utilized for bulk
electrolysis to analyse the products formed at the applied potentials.

2.3 CO2 Reduction and Product Analysis
Product detection and quantification are a vital part of the ECO 2R research. Various gaseous
and liquid products can be generated during the bulk electrolysis. The gaseous products were
detected and analysed by gas chromatography (GC) technique, while liquid products were
investigated by using the nuclear magnetic resonance (NMR) spectroscopy.

2.3.1 Gas Product Detection and Analysis
As illustrated in Figure 2.2, an on-line gas analysis system was used in this study using a
GC (SRI 8610C 3#) equipped with two detectors, a flame ionisation detector (FID) and a
thermal conductivity detector (TCD). H 2 is used as the carrier gas for the flame ionisation
detector (FID) and is purified using a moisture trap and hydrocarbon trap, while Ar is used
as the carrier gas for the TCD and is purified using a moisture trap and oxygen trap. The gas
purification can greatly improve the sensitivity of the two detectors.
A low-pressure needle valve and a mass flowmeter, respectively, controlled the flow rate of
Ar and CO2. The bubble flowmeter was used to calibrate the gas flowrate at the exit of GC
sampling loop. A chiller (AI C15 series recirculating chillers) eliminated moisture from the
gas outlet (products and CO2 mixture) vented to the GC, protecting the molecular sieve
column. The CO, CH4, C2H4, and C2H6 concentrations were measured using the FID with
methanizer, while the H 2 concentration was measured using the TCD. The TCD detector
detected H2 at a concentration of ~100 ppm, while the FID detector detected hydrocarbons
at a concentration of ~1 ppm.
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Figure 1.2. Digital image of the on-line gas analysis system equipped with GC used for CO2
reduction.
The electrolyte in the cathodic compartment was purged with CO2 (99.99 percent, BOC) for
30 minutes prior to the CO2 reduction. To improve the mass transfer of CO 2 to the working
electrodes, the electrolyte was agitated at 500 rpm with a Teflon -coated magnetic stirring
bar. During the chronoamperometric electrolysis, CO2 was constantly bubbled into the
cathodic compartment at a rate of 20.0 mL/min controlled by a mass flow controller (GFC17,
Aalborg®), and vented directly into the gas-sampling loop (1 mL) of GC. Every 15 minutes,
the GC was initiated. The data was analyzed using an average of three or four measurements.

To quantify each gaseous component, the external standard method was used with a standard
gas mixture consisted of H 2 (10%), CO (10%), CH4 (4%), C2H4 (1%), C2H6 (1%), and CO2
(74%). For the injection analyses, a gas-tight syringe (SGC, 50 µL range) was used to sample
different volumes (V) of standard gas. The calibration curves were created by plotting the
molar amount of each component injected against the relevant peak area. The representative
calibration curves of H2, CO, CH4, and C2H4 are shown in Figure 2.3. It should be noted that
these calibration curves must be re-plotted every two months at the very least.
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Figure 1.3. Calibration curves for H 2, CO, CH4 and C2H4.
The injected volume (V 0, mL) of mixed gas for on-line automatic valve sampling is 1 mL.
The fitted calibration curves can be used to calculate the molar quantity of each component
(n A). The following equations can be used to compute the Faradaic efficiency (FEA) of one
gas product A:
𝐹𝐸𝐴 = (𝑛𝐴 × 𝑧𝐴 × 𝐹)/Q

(1)

𝑄 = 𝐼 × 𝑡 = 𝐼 × 𝑉0/𝜗

(2)

where zA is the number of electrons exchanged to generate one molecule of A, F is Faraday's
constant (96485 C mol-1), υ is the flow rate (mL min -1) measured at the GC sampling-outlet,
loop's and I is the current (mA) measured at the time valve-sampling begins.

2.3.2 Liquid Product Detection and Analysis
The analysis of liquid product (formate in this work) was performed on a 400 MHz NMR
spectrometer (Bruker Avance) at 30 ⁰C. A 0.5 mL of electrolyte sample collected from the
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cathodic compartment with a syringe was used to quantify the liquid products. A 100 µL
internal standard (1-propanesulfonic acid 3-(trimethylsilyl) sodium salt (DSS) solution and
100 µL D2O were mixed with the electrolyte sample and then transferred to an NMR sample
tube. The 1D 1H spectra were measured with water suppression by a pre-saturation method.
To quantify the concentration of formate, area ratio of the formate peak to the DSS peak was
compared to the standard curves, which was made by using sodium formate solu tions with
different concentrations as shown in Figure 2.4
𝐹𝐸𝐵 = (𝑛𝐵 ×z𝐵× 𝐹)/Qtotal

(3)

𝑄𝑡𝑜𝑡𝑎𝑙 = ∫ 𝐼(𝑡) 𝑑𝑡

(4)

where z B denotes the number of electrons transferred to produce one formate molecule, F
denotes Faraday's constant (96485 C mol -1), and Qtotal (C) is the obtained by integrating the
corresponding i-t curve.

Figure 1.4. Standard curve of formate.
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3. 1

Abstract

Here we demonstrate that the decoration of gold (Au) with polyaniline is an effective
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approach in increasing its electrocatalytic reduction of CO 2 to CO. The core-shell structured
gold-polyaniline (Au-PANI) nanocomposite delivers a CO 2-to-CO conversion efficiency of
85% with a high current density of 11.6 mA cm -2. The polyaniline shell facilitates CO 2
adsorption and the subsequent formation of reaction intermediates on the gold core
contributes to the high efficiency observed.

3. 2

Introduction

Carbon dioxide (CO2), a by-product from fossil fuel combustion, is regarded as the primary
greenhouse gas causing global warming. Currently, atmospheric CO 2 concentration has
reached its highest level in recorded history at 410 ppm. 252,253 There is an urgent need to
reduce CO2 emissions, as well as recycle it as a source for producing valuable fuel and
chemical feedstocks via photochemical 254, biochemical22, thermochemical255 and
electrochemical methods.256 Among them, the CO2 electrochemical reduction (ECO2R) is
promising when considering its scalability and operation at ambient conditions. 18,257
Moreover, this process may be realized by utilizing renewable power sources from solar,
wind and tide, which offers the potential for it to be part of a carbon -neutral energy cycle
when combined with a carbon capture process. 190,258 Scalable and efficient electrocatalysts
hold the key for the practical implementation of ECO2R, in particular to overcome the
challenges of sluggish kinetics and poor selectivity versus the H 2 evolution reaction (HER)
that arises from the thermodynamic stability of CO 2.31,80

Gold is one of the best catalysts for the electrochemical CO 2-to-CO conversion, which is
attributed to the fast conversion of CO 2 to *COOH via the strong *COOH binding, and the
weak binding of *CO reaction intermediate facilitates the desorption of CO from its
surface.72 Different strategies have been employed to enhance its catalytic performance such
as tuning the surface morphology 112,113,218, engineering the surface 72,177,224, and alloying with
other metals.259-261 The integration of Au with a functional conductive support to form a
composite is an efficient surface engineering approach, as the synergistic interaction between
the metallic catalytic centre and conductive support facilitates charge transfer and promotes
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CO2 activation and conversion. 262-264

Nanocarbons and conducting polymers are two of the most commonly used supports for
metal-based catalysts. For example, copper nanoparticles on pyridinic N-rich graphene (pNG-Cu) displayed a 19% Faradaic Efficiency (FE) with respect to the formation of C 2H4 at
-0.9 V vs. RHE (Reversible Hydrogen Electrode).265 The presence of Lewis base in the pNG-Cu catalyst structure promoted proton/hydrogen aggregation around Cu, facilitating the
conversion of CO 2 to C2H4. The use of silver nanowires (Ag NWs) as part of a carbon
composite enabled a tunable production of H 2/CO for syngas generation. 266 Ultra-small gold
nanoparticles (Au NPs) supported on reduced graphene oxide (rGO) nanosheets
demonstrated an improved CO 2-to-CO conversion efficiency compared to pristine Au
NPs.267 Cobalt-polypyrrole particles immobilized on carbon black have been shown to utilize
the hybridization of metal and organic materials to enhance the catalytic activity of the
electroactive metallic centre in the conversion of CO 2-to-CO.264
Polyaniline (PANI) is a common conducting polymer having strong electron donating amine
groups and pi-conjugation across the polymer backbone. 268 Nanostructured PANI possesses
the properties of a low-dimensional organic conductor with high surface area. Incorporating
PANI with metal NPs can lower the activation energy for CO 2 reduction by effectively
trapping the reactant due to the Lewis acid-base interaction between metal NPs/PANI and
CO2.269 For example, the use of a Pd/PANI catalyst demonstrated a CO 2-to-HCOOH
conversion with a FE of 22% in 0.5 M H 2SO4 (-1.1 V vs. RHE). 270 Introducing a third
component, carbon nanotubes (CNT), to form Pd-PANI/CNT composite further improved
this conversion efficiency to 83 % at -0.163 V vs. RHE, as CNT promoted charge transport.271
The use of Cu 2O NPs immobilized on PANI enabled conversion of CO 2 to formic acid and
acetic acid in 0.1 M tetrabutylammonium perchlorate and methanol electrolyte. 272 The SnPANI film coated on nickel foam demonstrated a good conversion of CO 2 to formate in 0.1
M potassium bicarbonate. 273 All these composites take advantage of the role that PANI can
play in proton shuttling and outer sphere co-ordination effects through the conjugated
backbone and the amino groups present. Au-PANI nanocomposites have demonstrated good
catalytic capability for oxygen reduction reaction due to the enhanced oxophilicity of
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Au.274,275 However, the use of Au-PANI nanocomposites as a catalyst for the ECO2R has not
been reported yet.

The syntheses of metal-PANI nanocomposites commonly involve multi-step processes
and/or the use of strong reducing agents and surfactants that may affect the catalytic activity
276-279.

Herein we adopt a single-step ecofriendly approach that does not use any reducing

agents or surfactants 280. The direct redox reaction between aniline and gold salt at ambient
conditions creates shape-tailored Au-PANI nanocomposites. These nanocomposites exhibit
posy-bouquet-like morphology with excellent catalytic capability for the CO 2-to-CO
conversion: a FE of 85% with a high partial current density of 11.6 mA cm -2 (mass activity
= 23.2 A g-1) at -0.9 V vs. RHE in 0.1 M KHCO 3; which is much higher than that of Au NPs.
The selectivity dropped to only 23% after carbonizing the PANI layer to amorphous carbon.
This work clearly demonstrates the active role of PANI layer in the Au -PANI composite on
the catalytic ability for the ECO2R. Also, it highlights the influence of gold content on the
morphology of composite and the ECO2R performance.

3. 3

Experimental Section

3.3.1

Materials

See Chapter 2 Section 2.1.

3.3.2

Materials synthesis and electrode fabrication

Synthesis of gold nanoparticles (Au NPs): This synthesis was performed by adopting a
previously reported method. 281 Typically, HAuCl4 solution (200 µL, 0.1M) was added into
Milli-Q water (100 mL) and mixed, followed by the slow addition of NaBH 4 solution (0.13
M, 5 mL) accompanied by a colour change from yellowish to ruby red. The formed product
was collected by filtration, washed with deionized water, then vacuum dried at 60 °C for 24
h to obtain gold nanoparticles (Au NPs).
Synthesis of PANI: A common chemical synthesis method was applied. Briefly, aniline
monomer (16 mmol) and ammonium persulfate (APS, 4 mmol) were separately dispersed in
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a HCl aqueous solution (1 M, 50 mL). Then these two solutions were quickly mixed and kept
in an ice bath (0 C) for 24 h under continuous stirring at 1000 rpm. The colour of the solution
changed from light yellow to dark green. After the reaction, the solution was filtered and
solids were collected, followed by a rinsing process with water and a drying process in a
vacuum oven at 60 °C overnight.
Synthesis of gold-polyaniline (Au-PANI): The reported procedure by Wang et al. 280 was
adopted. Briefly, aniline monomer (0.18 ml) was added into Milli-Q water (20 ml), followed
by the addition of HAuCl4 aqueous solution (0.1 M, 0.2 ml). This mixture was kept under
stirring for 16 h at room temperature. The formed product was collected by filtration and
washed with deionized water and ethanol until the filtrate became colourless, and then
vacuum-dried at 60 °C for 24 h to obtain Au-PANI nanocomposites.
Carbonisation of Au-PANI nanocomposites: Au-PANI nanocomposites were heated to
800 °C at a rate of 5 °C/min and held at 800 °C for 3 hours in N2 atmosphere to form Au-Ndoped carbon composite (Au-NC).
Fabrication of working electrode: Catalyst inks were prepared by mixing the catalysts
(Au-PANI, Au-NC and Au NPs; 60 wt%) and carbon black (Vulcan XC72, 40 wt%) with
Nafion solution as the binder in a 50/50 solvent mixture of water and isopropanol. The above
mixture was sonicated for 30 min, and then drop cast onto carbon paper (1 cm × 1 cm). AuPANI electrodes were kept at 60 oC for 20 h in a vacuum oven. The loading mass of Au-PANI
composite catalyst was about 0.5 mg cm -2.

3.3.3

Materials Characterisation

Structural Characterization and Electrochemical measurements: See Chapter 2 Section
2.2.

3. 4

Results and Discussion

3.4.1

Structural Analysis of Au-PANI Catalysts

The formation of Au-PANI nanocomposites is illustrated schematically in Figure 3.1a.
HAuCl4 enables dissolution of aniline with subsequent oxidation to polyaniline with
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consistent reduction of AuCl4- to Au. Nanoparticles consisting of polyaniline and Au are
formed. Anisotropic growth of Au branches proceeded to form buds on the posy bouquet due
to the different diffusion rates of Au through PANI and partial dissolution of PANI oligomer
on Au promotes the faster growth of stems. Further agglomeration was p revented by the
diffusion controlled mechanism through π-π interaction between the PANI aromatic rings
on the Au 275. The newly formed nuclei underwent Ostwald ripening in the following stages
as part of the surface energy minimization, and formed the self -assembled 3D hierarchical
structure of Au-PANI nanocomposites through the molecular interaction between early
formed nuclei282,283. The redox processes between aniline monomer and chloroauric acid
were responsible for the self-assembly forming Au-PANI nanocomposites.

Figure 2.1. Synthesis and morphology of Au-PANI nanocomposite. a) Schematic illustration
of the formation process of Au-PANI nanocomposite; b-f) SEM and TEM images of AuPANI1 nanocomposite; g) HAADF-STEM and STEM elemental mapping results of AuPANI1 nanocomposite; h-i) SEM and TEM images of Au-NC nanocomposite.
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Figure 3.1. Synthesis and morphology of Au-PANI nanocomposite. a) Schematic illustration
of the formation process of Au-PANI nanocomposite; b-f) SEM and TEM images of AuPANI1 nanocomposite; g) HAADF-STEM and STEM elemental mapping results of AuPANI1 nanocomposite; h-i) SEM and TEM images of Au-NC nanocomposite.
The Au-PANI composite displayed a posy bouquet-like morphology for Au-PANI1 (a molar
ratio of 1:1 between HAuCl4 and aniline monomer) (Figure 3.1b, c). This structure was
further confirmed by high magnification TEM images (Figure 3.1c-f). It had a flowery head
with a diameter of ~320 nm along with a stem of ~510 nm. The flowery head contained many
fluffy buds with an average length of 15 nm. PANI uniformly wrapped the gold core in
bouquet structure with well-defined boundary. The co-existence of Au nanostructures and
PANI was confirmed by the HRTEM image (Figure 3.1e). The spacing between lattice
fringes was 0.233 nm, attributing to the (111) plane of face-centred cubic (fcc)-Au (Figure
3.1f). The uniform distribution of elements Au, C and N along the posy bouquet structure
was revealed by the STEM energy-dispersive X-ray spectroscopy (EDS) mapping (Figure
3.1g).
The influence of the molar ratio of reactants on the morphology of Au-PANI nanostructures
was also investigated. Au-PANI nanocomposites with different compositions were
synthesized by keeping the same content of aniline monomer but changing the molar
concentration of HAuCl4. These products were referred to as Au-PANI1, Au-PANI2, and AuPANI3, and those numbers indicated the molar ratio between gold and aniline. When the ratio
of HAuCl4 to aniline increased from 1:1 to 2:1 and 3:1, the produced nanocomposites
retained similar posy bouquet morphology (Figure SI 3.1a-f, Supplementary Information)
with similar head size but with elongated stem: it was 0.6± 0.02 µm, 1.3 ± 0.03 µm and 2.3
± 0.01 µm for Au-PANI1, Au-PANI2 and Au-PANI3, respectively. This may be attributed to
the fast growth of Au nanostructures that arose from dissolution of PANI oligomer at low
concentration of aniline 284. More fluffy buds were observed on Au-PANI1 (Figure 3.1g).
These results clearly demonstrate that the ratio between HAuCl 4 and aniline did impact on
the formation of Au-PANI nanocomposites. After the annealing treatment, the same
morphology of bouquet was retained for Au-NC but, the fluffy buds on the flowery head
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became shrunken as revealed in the SEM and TEM images (Figure 3.1h, i,). This may be
explained by the carbonisation of PANI. Pure gold nanoparticles and polyaniline were
synthesized as control samples. Those Au NPs were almost spherical with an average
diameter of ∼10 nm (Figure SI 3.1g), and the 0.233 nm spacing of fringes corresponds to
the (111) plane of face-centred cubic (fcc)-Au (Figure SI 3.1h). PANI showed a nanoribbon
morphology with an average width of 30 nm (Figure SI 3.1i).

The crystallinity and chain packing of Au-PANI composites were examined by XRD
analysis, and the formation of Au-PANI composite was confirmed (Figure 3.2a, Figure SI
3.2a). Four sharp diffraction peaks appeared at 38 o, 44 o, 65 o and 78 o corresponding to the
Bragg’s reflections from (111), (200), (220) and (311) planes of Au (JCPDS 04-0784). They
reveal the formation of fcc crystalline structure of Au in the composite. The highest intensity
diffraction peak of Au (111) plane suggests the prominent growth of Au nanostructure along
the lowest energy (111) facet. Pristine PANI and Au-PANI composite all displayed a peak
at around 26 o (inset of Figure 3.2a), which can be ascribed to the periodicity in parallel and
perpendicular directions of the polymer chains of PANI. 285,286
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Figure 3.2. Structural characterizations of samples. a) XRD patterns of Au-PANI1, Au-NC,
PANI and Au; b) XPS survey scans of PANI, Au-NC, Au and Au-PANI1; c) Core level
spectra of Au 4f; d) N1s in Au-PANI composite; e) Raman spectra of Au-PANI
nanocomposites, pure PANI and Au-NC; and f) TGA curves of Au-PANI nanocomposites,
Au, Au-NC and PANI
Elemental composition and the electronic state of Au in Au -PANI nanocomposite were
analyzed by high resolution XPS. The XPS spectra (Figure 3.2b, Figure SI 3.2b) confirmed
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the presence of elements Au, C and N as expected. Compared with the spectrum of pure
PANI, a new peak at 86.8 eV corresponding to Au 4f was observed for Au -PANI and AuNC nanocomposites. The core level spectra (Figure 3.2c) of Au 4f showed two peaks at
binding energies of 83.92 eV and 87.62 eV, assigned to the doublets of 4f 7/2 and 4f 5/2,
respectively. This confirms the presence of zero valent gold (Au o) in Au-PANI
nanocomposite. The N1s core level spectrum (Figure 3.2d) revealed the presence of three
different electronic states: quinoid imine (=N-), benzenoid amine (-NH-) and nitrogen
cationic radical (N+) at binding energies of 398.4 eV, 399.5 eV and 401.1 eV, respectively;
which matches well with the previous reports for PANI. 287,288 287,288 289,290 288,289 287,288 The
core level spectrum of N1s in PANI-Au displayed a higher binding energy peak (400.6 eV)
in comparison to that in PANI (400 eV) (Figure SI 3.2c). While the Au 4f spectrum in shifted
to a lower binding energy compared to pure gold (Figure SI 3.2d). These results revealed a
significant chemical interaction between gold and polyaniline where a strong bond was
formed via the charge transfer process with PANI and gold nanoparticles as donor and
acceptor, respectively. 289

Raman spectra of PANI, Au-NC and different Au-PANI nanocomposites over the range of
2000 cm-1 to 200 cm-1 are shown in Figure 3.2e. For PANI, peaks at 1589 cm -1 and 1554 cm1

represent the C-C stretching vibration in quinonoid ring and N-H deformation vibration in

semi-quinonoid units, respectively. Peaks at 1456 cm -1 and 1340 cm -1 can be attributed to the
C-N stretching vibration in the quinonoid structure, the C–N+ vibration of delocalized
polaronic structure 290,291 respectively. The C–N stretching vibrations of different benzenoid,
quinonoid or polaronic forms and benzene ring deformations can be matched to the peak at
1241 cm −1. Raman intensities of all these characteristic peaks of Au-PANI were significantly
increased when compared to pure PANI. This can be attributed to the surface enhanced
Raman scattering (SERS) effect due to the increased roughness of Au NPs and the enabling
of easy charge transfer after forming nanocomposites 292. For Au-NC, the peaks at 1350 cm1

and 1580 cm -1 represent the disorder band (D) and graphitic band (G), respectively.

Thermal stability of Au-PANI nanocomposite, Au, Au-NC and PANI was analyzed by using
TGA in air atmosphere (Figure 3.2f). For PANI and Au-PANI composites, a small weight
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loss was observed below 100 oC due to the expulsion of absorbed water; the slow weight loss
from 100 to 250 oC can be attributed to the removal of PANI oligomers. Over the range from
~360 to 420 oC, they all displayed a rapid weight loss process, which may be caused by the
oxidative decomposition of polymer backbone. The negligible weight loss for Au -NC and
Au indicates their thermal stability in the air. Based on the thermal stability profile, the
content of Au in Au-PANI1, Au-PANI2, Au-PANI3 were estimated as 82%, 88%, and 91%
respectively. These contents were higher than the theoretical values of 52%, 69% and 77%
calculated from the reactants in the reaction. This may be explained by the dissolution of
short chain PANI oligomers in the reaction mixture and the limited growth of PANI chain at
relatively low Au content284. The amount of Au in Au-NC composites was 97%. Moreover,
for those Au-PANI composites, the onset temperature of thermal degradation shifted to a
higher degree by ~60 oC compared to that of pure PANI, indicating a higher thermal stability
due to the strong interaction between PANI and Au nanoparticles 293.
3.4.2

ECO2R Performance of Au-PANI Catalyts

The ECO2R performance on Au, PANI, Au-PANI and Au-NC catalysts were first assessed
by linear sweep voltammetry (LSV) studies (Figure 3.3a). All the Au containing catalysts
exhibited much higher current densities and more positive onset potentials compared to
PANI in CO2-saturated 0.1 M KHCO3, much higher LSV currents compared to that in argon
(Ar)- saturated electrolyte (Figure SI 3.3). Specifically, all Au-PANI nanocomposites show
low onset potentials of -0.3 V vs. RHE, which was favourable compared to Au (-0.4 V) and
Au-NC (-0.5 V). These results give an initial indication about the positive impact of the
interaction between Au and PANI and influencing the ECO2R ability.
We further examined the ECO2R performance by a series of controlled-potential electrolysis
experiments. The iR-corrected total current densities showed similar trends to the LSV
results (Figure 3.3b, Figure SI 3.4). Au-PANI1, Au-PANI2 and Au-PANI3 displayed similar
total current densities during the CO 2 reduction process; they were all higher than that of Au
NPs and Au-NC. It confirms that PANI played an important role in the CO 2 reduction on
these composite electrodes. The products generated were H 2 and CO. The Faradaic efficiency
(FE) of CO on all Au-PANI electrodes displayed a volcano-like behavior in the applied
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potential range. It reached a maximum FE at -0.9 V (corresponding to an overpotential of
790 mV for CO formation) (Figure 3.3c).

Au NPs displayed a different trend from those for Au-PANI samples. A higher FECO was
observed from -0.5 V to -0.6 V due to high intrinsic activity of Au nanoparticles for CO 2-toCO conversion. This may be ascribed to the the strong binding of reaction intermediate
COOH* at the catalytic sites. The decreased CO formation efficiency fro m -0.7 V to -1.1 V
(Figure SI 3.5a) may be attributed high coverage of *H intermediate and poor stability of
*COOH intermediate on the catalytic sites under more negative cathodic potential. Such
phenomenon has been previously reported. 112,294 The catalyst PANI alone merely generated
H2 over the whole range of applied potentials, consistent with the previous reports. 269 AuPANI composites showed enhanced ECO2R performance at the more negative potential
range, from -0.7 to -1.1V, and reached a maximum Faradaic efficiency of CO formation at 0.9 V. This may be attributed to the increased stability of reaction intermediate. Influence of
PANI was further confirmed by the controlled potential experiments on Au -NC, a carbonized
PANI structure. It displayed a Faradaic efficiency of only 23% for CO formation at -0.9 V,
much lower than that of 85% on Au-PANI2. Therefore, this confirms that the presence of
PANI on gold improved the CO 2 electroreduction performance.

Among all the examined Au-PANI composite electrodes, Au-PANI2 exhibited the highest
FECO by over ~10% compared to Au-PANI1 at the potentials more negative than -0.7 V.
Specifically, at -0.9 V the FECO was 85% , higher than that for Au-PANI1 (70%) and AuPANI3 (79%) At -0.7 V, Au-PANI2 displayed a FECO of 68%, higher or comparable to that
exhibited

( ~60%) by carbon black-AuNP composite electrodes 112 and ultrathin Au

nanowires (~65% ) with dominant edge reactive sites. 113 The difference in catalytic
performance on these three Au-PANI electrodes may be attributed to the utilization of an
optimal Au and PANI content in the composite. As the molar ratio of gold to aniline increased
from 1 to 2, the composite showed a FE CO increase by ~15%. The increased FECO may be
explained by the effective interaction between Au and PANI, which is responsible for the
absorption of CO2 molecules and the subsequent conversion and product desorption. It may
also explain the decreased FECO by 5% when the molar ratio was further increased to 3.
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The excellent electrocatalytic ability of Au-PANI electrodes for reducing CO 2 was further
verified by the increased geometric CO partial current density (j CO) compared to Au NPs and
Au-NC (Figure 3.3d). At -0.9 V, Au-PANI exhibited a jCO of 11.6 mA cm -2, which was
about four times higher than that of Au-NC (2.18 mA cm -2) and seven times higher than that
of Au NPs (1.4 mA cm -2). The synthesized Au NPs with an average size of ~10 nm displayed
a low current density may be attributed to the low number of active sites available. It has
been reported that Au NPs in size of more than 8 nm exhibit a low current density 294. Our
results are comparable to the reported current density of 0.35 mA cm −2 at -0.5 V for Au NPs
with an average size of more than 20 nm 295 and -1.3 mA cm −2 at -0.7 V for Au NPs with an
average size of more than 9 nm. 296 It further evidences the critical role of PANI in the AuPANI composite for CO2 reduction. More specifically, PANI can effectively trap gaseous
CO2 by interaction to the amine groups in PANI through interaction with the N lone pair to
create a new σ-electron bond.
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Figure 2.3. Electrochemical CO2 reduction performance in CO 2-saturated 0.1 M KHCO3. a)
LSV scans of PANI, Au, Au-NC and Au-PANI at a scan rate of 1 mVs -1; (b-d) Geometric
total current densities (b), FECO (c) and jCO (d) at various potentials for all Au-PANI, Au-NC
and Au catalysts; (e-f) FECO (column) and CO mass activity at -0.8 V (e) and Tafel plots (f)
of Au-PANI2, Au and Au-NC catalysts for CO production.
Figure 3.3. Electrochemical CO2 reduction performance in CO 2-saturated 0.1 M KHCO3. a)
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LSV scans of PANI, Au, Au-NC and Au-PANI at a scan rate of 1 mVs -1; (b-d) Geometric
total current densities (b), FECO (c) and jCO (d) at various potentials for all Au-PANI, Au-NC
and Au catalysts; (e-f) FECO (column) and CO mass activity at -0.8 V (e) and Tafel plots (f)
of Au-PANI2, Au and Au-NC catalysts for CO production.
The synergistic interaction between Au and PANI promotes the catalytic activity of Au PANI nanocomposites for CO2 reduction via f acilitating CO2 adsorption and stabilizing
reaction intermediate (*COOH) on negatively charged Au center, which is realized through
the direct axial coordination of amino groups to the gold catalytic centre via strong σ-electron
donation. As a result, the CO2 activation on the metal centre is facilitated, and the formation
of CO follows the metal centred reaction mechanism via nucleophilic attack of the centre on
the CO2 molecule due to the higher electron density on the metal centre provided by PANI. 269

Mass activity is one of the most influential parameters for noble metallic catalysts in terms
of their feasibility for large-scale application. Figure 3.3e highlights the FECO and CO mass
activities of all Au-PANI nanocomposites, Au-NC and Au at -0.8 V. Au-PANI2 showed a
76% Faradaic efficiency for CO production whereas Au and Au-NC displayed a 53% and
23%, respectively. It further distinctly unveils the promoted catalytic effect of PANI on Au.
Au-PANI2 displayed high mass activities for the CO 2-to-CO conversion at moderate
overpotentials ranging from -0.7 to -0.9 V. For example, a mass activity of 14.2 A g-1 at -0.8
V outperformed that reported (6 A g-1) on 4 nm Au NPs on carbon black. 112

To gain an understanding about the underlying mechanism of CO formation on these
electrodes, Tafel plots were performed (Figure 3.3f, Figure SI 3.5b). Au-PANI2 exhibited a
slope of 168 mV dec -1, which indicates that the initial single-electron transfer forming CO 2•intermediates is the rate-determining step for CO 2-to-CO conversion. In contrast, Au NPs
and Au-NC respectively demonstrated a much higher slope of 288 mV dec -1 and 345 mV
dec-1, evidencing their sluggish kinetics. The improved kinetics for CO formation on Au PANI may be mainly attributed to the enhanced adsorption of CO 2 from the support of
polyaniline and subsequently the formation of *COOH intermediates and fast desorption of
CO due to the weak binding of *CO. 269
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The stability of the best performing Au-PANI2 nanocomposite for ECO2R was investigated
at -0.65 V (Figure SI 3.6a). It showed a stable current density during the 8 h electrolysis
with a slightly increased FECO in the first 2 h from 68% to 70%. This slight increase may be
ascribed to the improved accessibility of electrolyte containing reactants (proton and CO 2)
to the active sites. The increased concentration of cations (H + and K+) generated by the
electric field during the CO2 reduction process may contribute as well. 94 Whereas, Au-NC
and Au displayed a descending current density and FE CO throughout 5 h and 6 h electrolysis
(Figure SI 3.6a), respectively. The initial current density of Au-NC was 3 mA cm -2 and
dropped to 2.3 mA cm -2; while the FECO decreased from 27% to 20%. Au NPs exhibited an
initial current density and FECO of 0.37 mA cm -2 and 57%, and dropped to 0.29 mA cm-2 and
50%. These results clearly demonstrate the influence of polyaniline on the stability of the
composite catalysts as well. PANI layer on the gold core facilitates the charge transfer and
improve the stability of the metallic centre via weakened binding of *CO. It should be noted
that the Au-PANI catalyst did not exhibit good stability at a more negative potential of -0.90
V (Figure SI 3.6b), suggesting the instability of such small Au NPs under high
overpotentials; this phenomenon has been reported for different catalysts including Au NPs
stabilized with citrate. 267,297

3. 5

Conclusion

In summary, a shape tailored gold-polyaniline nanocomposite electrocatalyst is synthesized
via a single-step method. It is in a core-shell structure with gold as the core and PANI as the
shell. The formation of this nanocomposite proceeds through the redox reaction between
aniline monomer and gold salt; and is influenced by the ratio between reactants. This catalyst
has been used to catalyse CO 2 reduction with high selectivity and acivity. The interaction
between Au NPs and amine links in PANI through σ electron donation facilitates CO 2
adsorption and stabilizes the reaction intermediate *COOH. Hence, the introduction of PANI
on Au NPs significantly promotes conversion of CO 2-to-CO. The soft nature of PANI with
excellent tenability facilitates the formation of composites with a variety of metals. 298
Therefore, this work may motivate the development of core-shell structured conducting
polymer/metal nanoparticles as catalysts for ECO2R.
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Figure SI 3.1. SEM, HAADF-STEM and STEM Au-elemental mapping results images
4

of Au-PANI2 (a-c) and Au-PANI3 nanocomposites (d-f); TEM images of Au (g-h) and
PANI (i).
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Figure SI 3.2. a) XRD patterns of Au-PANI1, Au-PANI2 and Au-PANI3; b) XPS survey
5

scans of Au-PANI1, Au-PANI2 and Au-PANI3. c) Core level spectra of N1s in Au-PANI1
composite and PANI ; d) Au 4f in Au-PANI1 composite and Au NPs.

Figure SI 3.3. LSV curves of all Au-PANI and Au-NC composites in Ar- or CO2- saturated
6

0.1 M KHCO3
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Figure SI 3.4. Chronoamperometry curves of all Au-PANI and Au-NC catalysts at different
7

potentials in CO2-saturated 0.1 M KHCO3 solution.

Figure SI 3.5. a) Faradaic efficiency of hydrogen (FE H2) at various potentials for all Au8

PANI, Au-NC and Au catalysts; (b) Tafel plots of Au-PANI1 and Au-PANI3 catalysts for
CO production.
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Figure SI 3.6. a) Stability analysis of Au-PANI2, Au-NC and Au at -0.65 V; b) Au-PANI2
9

at -0.9 V vs. R.H.E in CO2-saturated 0.1 M KHCO3 solution.
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4. Chapter 4 - A Nitrogen-Doped Porous Carbon
Supported Copper Catalyst for Carbon Dioxide
Electroreduction

4.1

Abstract

In this work, we demonstrate a porous N-doped carbon-supported Cu nanoparticles (Cu-NC)
composite catalyst synthesized by a scalable single-step glucose blowing technique. The CuNC composite exhibits a porous morphology. The electrocatalytic activity and morphology
of these Cu-NC composites can be modulated by tuning the molar ratio between the reactants
in the synthetic reaction. The Cu-NC demonstrates efficient catalytic activity for the CO 2-toC1 products (CO and formate) conversion, with an efficiency of 69% at an overpotential of
590 mV. The enhanced catalytic activity on these Cu-NC catalysts is corelated to its
morphology and nitrogen species such as pyridinic and graphitic that may promote the CO 2
adsorption and subsequent formation of reduction reaction intermediates.

4.2

Introduction

Copper, an earth-abundant non-noble metal, is a unique and efficient catalyst for the
electrocatalytic conversion of CO 2 to a range of valuable products such as formate (HCOO−),
carbon monoxide (CO), methane (CH 4), ethylene (C2H4), methanol (CH3OH) and ethanol
(CH3CH2OH)

299.

Recent years have witnessed numerous studies on nanostructured Cu -

based catalysts developed by controlling the surface structural factors such as particle size
90,

grain-boundary density

240

and morphology

125.

The commonly applied strategies to

improve the catalytic performance of CO 2 electroreduction on these nanostructured Cu-based
catalysts mainly include fabricating bimetallic Cu species
77

300-303

and oxide-derived Cu

catalysts 304-307, surface modified Cu catalysts

178,308-310

and supported Cu catalysts

311-314.

The last approach, building composites by anchoring Cu on functional conductive support is
an efficient approach, as the synergistic interaction between the metallic catalytic centre and
support facilitates charge transfer and promotes CO 2 activation, formation and stabilization
of key reaction intermediates in following steps 315. Support materials are not only tailoring
the electronic environment of the Cu catalytic centre via creating an active interface but also,
maintaining good dispersion and stabilization of the Cu catalytic centre

123.

To date, the

support materials having been investigated mainly include metal oxide 316, carbon support
317,

and metal carbides 318 195.

Among these support materials, carbon-based materials are considered as one of the most
promising support to stabilize the nanoscale metal on the surface via enhanced interfacial
contact and minimized agglomeration

196.

More importantly, the interfacial interaction

between metal nanoparticles and the carbon support results in redistribution of electrons with
charge transfer effects which improve the catalytic activity 319. For example, graphene sheets
as the support demonstrated a stronger electron-donating ability that facilitated the adsorption
of CO2 and formation of CO2• ̶ , and thus promoted the formate formation on the supported
Cu NPs
201,321,

320.

Usually, carbon structures establish van der Waals interactions with Cu NPs

whereas the incorporation of heteroatoms (e.g. N, S, P) into carbon may induce

stronger interaction with Cu NPs owing to the formation of covalent bonds, and the
heteroatoms boost the electron transfer during the ECO 2R processes via facilitated adsorption
and activation of CO2 195,322.
The commonly used nitrogen-doping has demonstrated the capability to tailor the electronic
structure of graphitic carbon that results in improved electronic conductivity and tunable
chemisorption ability benefiting the energy storage and conversion processes 323,324. N-doped
carbons themselves can act as active sites for CO 2-to-CO conversion at low overpotentials
with the capability of binding CO 2 reduction reaction intermediates and protons on the
pyridinic and graphitic N functionalities in the carbon 325. The interaction between N-doped
carbons and Cu has demonstrated the enhanced electrocatalytic CO 2 reduction. For example,
Li et al.

326

reported a Cu 2O/Cu anchored in a nitrogen-doped porous carbon framework

catalyst via sequential wet chemical synthesis and high temperature pyrolysis for the
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electroreduction of CO 2 to formate, with a Faradaic efficiency of 61% at −0.88 V vs a
reversible hydrogen electrode (RHE). Similarly, Zhang et al. 327 prepared Cu nanoparticles
(~ 4 nm in diameter) embedded in N-doped carbon arrays via wet chemistry in combination
with carbonization techniques for formate and CO with Faradaic efficiencies of 64% and
20% respectively at a potential of –2.7 V vs. Fc/Fc - (Fc = ferrocene) in dimethylformamide
(DMF). The fabrication of these N-doped Cu composites involves complicated multi-step
processes and/or use of toxic/hazardous chemicals such as 1,3,5-benzenetricarboxylic acid,
and N,N-dimethylformamide. An eco-friendly one-step method to fabricate N-doped carbonsupported Cu catalyst is highly in demand to pave the way for scaleup.
In this chapter, a 3D-hierarchical N-doped porous carbon-supported copper (Cu-NC) catalyst
is synthesized via a single-step glucose blowing technique. We introduced urea as the
nitrogen source in this study without activating the carbon generated from gluc ose blowing
approach in the prior method 328. This modified synthesis method yielded porous N-doped
carbon supported Cu NPs. The electrocatalytic activity of this Cu-NC catalyst can be tuned
by the surface structure and composition of the composite. The N-species such as pyridinic
and graphitic-N in the porous carbon support promotes catalytic activity of Cu NPs for CO 2to-C1 products (CO and formate) conversion. This Cu-NC catalyst demonstrates an efficient
formate formation with a Faradaic efficiency of 52% along with a Faradaic efficiency of 17%
for CO formation at -0.7 V vs (RHE) in 0.1 M KHCO3 solution.

4.3

Experimental

4.3. 1

Materials

See Chapter 2 Section 2.1.

4.3. 2

Materials synthesis and electrode fabrication

Synthesis of nitrogen-doped carbon supported carbon composite (Cu-NC): Cu-NC
composites were prepared by modifying a reported glucose blowing method 328 with urea as
the N-source, and denoted as Cu-NCx:y , where x:y was the molar ratio of the starting
materials CuCl2·2H2O to urea. The typical procedure was as follows: Take Cu-NC1:1 as an
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example, 0.89 g of CuCl2·2H2O (5 mmol), 0.3 g of urea (5 mmol), 2.00 g of glucose
(10 mmol) and 2.00 g of NH4Cl were made into a homogenous solution in 10 mL of water
under continuous stirring at room temperature. Then the solution was freeze -dried, and the
collected powders were placed in a tube furnace which was heated to 950 °C at a rate of
3 °C/min in N2 atmosphere and held at 950 °C for 3 h. Cu-NC2:1 and Cu-NC1:2 were also
synthesized by changing the molar ratio of the starting material CuCl2·2H2O to urea with
same molar concentration of glucose. As control, N-doped carbon (NC) was prepared
through the same procedures in the absence of CuCl 2·2H2O.
Fabrication of working electrode: Catalyst inks were prepared by mixing the catalysts (CuNC1:1, Cu-NC2:1, Cu-NC1:2 or NC; 60 wt%) and carbon black (Vulcan XC72, 40 wt%) with
Nafion solution as the binder in a 50/50 solvent mixture of water and isopropanol. The above
mixture was sonicated for 30 min, and then drop cast onto carbon paper (1 cm × 1 cm). These
Cu-NC electrodes were kept at 60 ⁰C for 20 h in a vacuum oven. The loading mass of Cu NC and NC composite catalysts were about 0.5 mg cm -2.
4.3. 3

Materials Characterisation

Structural Characterization and Electrochemical measurements. See Chapter 2 Section
2.2.

4.4

Results and Discussions

4.4. 1

Preparation and Structural characterization of Cu-NC composite
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Figure 4.1. Schematic illustration of the synthesis of Cu-NC composite.
The 3D porous Cu-NC composite was prepared by a facile and scalable one-step approach
involving rapid calcination (glucose blowing), as illustrated in Figure. 4.1. The insitu growth of Cu nanoparticles was achieved via the formation and thermal reduction of
CuO

329,330.

The generation of nitrogen porous carbon proceeded via the substrate-free

NH4Cl-assisted glucose blowing process, in which glucose got carbonized and N -doping
arose from the decomposition of urea (NH 3 and CO2) 331,332. Glucose-derived polymers called
melanoidin with a countless number of larger bubbles formed gradually with the increase of
temperature along with the decomposition of uniformly dispersed NH 4Cl, urea and
CuCl2.2H2O in the polymers 328,333. These blew up polymers with the simultaneous reduction
of Cu 2+ to metallic Cu nanoparticles which promoted the graphitization of glucose derived
carbon and resulted in the formation of 3D porous Cu -NC composites 328. This was an
ecofriendly synthesis method and did not involve the use of any strong oxidative and
corrosive reagents.
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Figure 4.2. SEM images of Cu-NC1:1, Cu-NC2:1, Cu-NC1:2 composites and NC.
The morphology of the 3D Cu-NC composites was investigated by scanning electron
microscope (SEM) as shown in Figure 4.2. All these Cu-NC composites displayed a 3D
porous architecture (Figure 4.2a-c). Without the addition of CuCl2, the pyrolysis of glucose
with NH4Cl and urea resulted in the formation of bulky nitrogen doped nonporous carbon
structure (Figure 4.2d). This verifies the critical role of Cu in the formation of porous carbon
as reported for porous cobalt-N doped carbon nanostructures by sugar blowing technique 333.
The influence of the molar ratio of reactants on the morphology of Cu -NC composites was
investigated. As the copper to urea molar ratio was varied, porosity differences were
observed in Cu-NC composites. Cu-NC1:1 composite with a 1:1 starting ratio of CuCl2 to urea
presented a more porous structure with smaller pores, and the 2:1 component ratio one
showed medium porous structure with larger pores, whereas the 1:2 ratio one exhibited less
porous structures. This shows that increasing the molar concentrations of CuCl2 and urea
results in a mild porous structure, and that a moderate (1:1) addition of these influenced the
polymerization of glucose, which better matched the ammonium salt decomposition as well.
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These differences in porosity can be explained by the variation in molar ratio between copper
to urea which influenced the amount of concomitant gases from the decomposition of the
reactants 334.
The structure of these composites was further confirmed by high magnification transmission
electron microscopy (TEM) images in Figure 4.3. More distinct Cu NPs in the size of 10 nm
were observed in Cu-NC1:1, whereas agglomerated large-size Cu NPs were found in Cu-N2:1
as the copper to urea molar ratio increased from 1:1 to 2:1 . This may be attributed to the fast
growth of Cu NPs that arose from the high concentration of Cu. Not many discrete Cu NPs
were observed on Cu-NC1:2 when the copper to urea molar ratio changed to 1:2 due to the
lesser concentration of Cu compared to the urea. Elements Cu, C and N in Cu-NC composites
and C and N in NC were confirmed by the STEM energy-dispersive X-ray spectroscopy
(EDS) mapping (Figure 4.3a-d). The crystalline nature of Cu nanoparticles in Cu-NC with
lattice spacing of 0.208 nm corresponding to the d-spacing of Cu (111) was confirmed by the
HRTEM images (Figure 4.3a-c) and this verifies the reduction of Cu 2+ to metallic Cu during
the glucose blowing process. The amorphous nature of the carbon in NC was confirmed by
the HRTEM image (Figure 4.3d).
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Figure 4.3. TEM, STEM elemental mapping and HRTEM images of Cu-NC1:1 (a), Cu-NC2:1
(b), Cu-NC1:2 (c) composites and NC (d).
The crystalline phase of Cu-NC composites was examined by XRD analysis, and the
formation Cu-NC composite was confirmed (Figure 4.4). Three sharp diffraction peaks
appeared at 43 o, 50 o and 74 o corresponding to the Bragg’s reflections from (111), (200) and
(220) planes of Cu (JCPDS 04-0836). It reveals the formation of face-centred cubic
crystalline structure of Cu in Cu-NC composite. NC displayed a broad C (002) and C (101)
peak at around 25 o and 44 o (Inset of Figure 4), which can be ascribed to the amorphous nature
of carbon in association with hexagonal graphite lattice. The broadening of these two peaks
suggests the low graphitization degree and the possible presence of amorphous carbon

84

335.

Figure 4.4. XRD patterns of Cu-NC1:1, Cu-NC2:1, Cu-NC1:2 composites and NC (inset).
Thermal stability of Cu-NC composites and nitrogen–doped carbon (NC) was analyzed by
using TGA in air atmosphere (Figure 4.5). Below 250 °C, there was a small weight loss
observed for all the samples due to the expulsion of absorbed water. With the increase of
temperature, the carbon in the composite was combusted in air (C + O 2 → CO2) and metallic
copper was oxidized to CuO (2Cu + O 2 → 2CuO)336. The weight loss from 400 °C to 650 °C
may be caused by the fast combustion reaction of carbon. The Cu content in the Cu -NC1:1,
Cu-NC2:1 and Cu-NC1:2 composites were evaluated as 33%, 52% and 37% based on the 39%,
61% and 42% weight content of CuO formed after decomposition of the N-doped carbon
support in air at 800 °C.
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Figure 4.5. TGA curves of Cu-NC1:1, Cu-NC2:1, Cu-NC1:2 composites and NC.
Raman spectra of Cu-NC composites and NC are illustrated in Figure 4.6. All Cu-NC and
NC exhibited characteristic peaks of carbon-based material, two broad peaks at 1350 and
-1

1590 cm corresponding to the D-band and G-band of carbon 337. Relative intensity ratio of
D band to G band (ID/IG) gives the information about graphitization of carbon material. The
ID/IG value of all Cu-NC (1.09, 1.09 and 1.10) was lower than that of NC (1.15), suggesting
that the presence of Cu can increase the graphitization of the carbon as reported earlier 338.
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Figure 4.6. Raman Spectra of Cu-NC1:1, Cu-NC2:1, Cu-NC1:2 composites and NC.
Elemental composition and the electronic state of Cu in Cu-NC composites were analyzed
by high resolution XPS (Figure 4.7). The XPS spectra confirmed the presence of elements
Cu, C and N. Compared with the spectrum of NC, Cu 2p and Cu LMM peaks were observed
in all Cu-NC composites at 933 eV and 570 eV. The core level spectra (Figure 4.7b) of the
Cu 2p showed two peaks at binding energies of 931.6 eV and 952.6 eV that can be
respectively assigned to the doublets of 2p 3/2 and 2p 1/2. 339 This confirms the presence of zero
valent Copper (Cu 0) in Cu-NC composite. As revealed by the deconvoluted N1s spectrum
(Figure 4.7c), three different configurations of N were present ascribed to pyridinic-N (398.2
eV), pyrrolic (400.0 eV) and graphitic-N (401.2 eV). Pyridinic-N is usually found in
vacancies and pyrrolic-N is associated to the edge or vacancies of carbon layers owing its
pentagonal nature. The graphitic replaces a carbon atom in the carbon layer's hexagonal
structure 340. The percentage of pyridinic, pyrrolic, and graphitic N atoms was 21%, 38% and
41% in Cu-NC1:1, 28%, 44% and 28% in Cu-NC2:1, 16%, 40% and 44% in Cu-NC1:2, and
32%, 33% and 35% in NC respectively as shown in Figure 4.7c. The total percentage of
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pyridinic and graphitic N atoms in Cu-NC1:1, Cu-NC2:1, and Cu-NC1:2 were 62%, 56% and
60% respectively. The differences in the percentage of each N-species may be attributed to
the changes in the molar ratio of copper to urea in the synthesis as there was no change in
the pyrolysis temperature.

Figure 4.7. XPS survey scans of Cu-NC and NC; c) Core level spectra of Cu2p; b) N1s in
Cu-NC and NC.
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4.4. 2

ECO2R Performance of Cu-NC Catalyts

The ECO2R performance on Cu-NC catalysts were first assessed by linear sweep
voltammetry (LSV) studies (Figure 4.8). All the Cu-NC catalysts exhibited higher LSV
currents in CO2-saturated electrolyte compared to that in Ar- saturated electrolyte. These
results gave an initial indication of the electrocatalytic ability of Cu-NC catalysts to CO2
reduction. The electroreduction of CO 2 on Cu-NC catalysts were further assessed by a series
of controlled potential electrolysis experiments over the potential range from -0.6 V to -1.1
V (vs. RHE) using NC as a control.

Figure 4.8. LSV curves of (a)Cu-NC1:1, (b)Cu-NC2:1 and (c)Cu-NC1:2 and (d)NC in CO2 and
Ar saturated 0.1M KHCO 3.
The iR-corrected total current densities showed similar trends to the LSV results (Figure
4.9). Cu-NC1:1, Cu-NC2:1 and Cu-NC1:2 displayed similar total current densities during the
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CO2 reduction process; they were all higher than that of NC. It confirms the enhanced
catalytic activity for CO 2 reduction on these composite electrodes. The products generated
on all Cu-NC were CO, HCOO - and H2, whereas NC generated only CO and H 2.

Figure 4.9. Geometric total current densities of all Cu-NC catalysts for the electroreduction
of CO2 in CO2-saturated 0.1 M KHCO3.
It is noted that the Faradaic efficiency (FE) of CO, HCOO - and H2 on all Cu-NC electrodes
displayed different trends in the applied potential range. In terms of the FE of CO 2 reduction
products, Cu-NC1:1 composite showed the best ECO 2R performance over the range of applied
potentials from -0.6 to -1.1 V (Figure 4.10a), with a highest Faradaic efficiency of 69% for
the carbonaceous products (sum of FE of CO and HCOO -, FEC) at -0.7 V and decreased at
more cathodic potentials. The Cu-NC2:1 composite followed a different trend for ECO2R
performance (Figure 4.10b). The FEC peaked at -0.7 V simillar to Cu-NC1:1 and was 61%
and then decreased over more negative potentials. Coming to Cu-NC1:2, the FEC peaked at 1.0 V and it was 55%; the lowest performance compared to the other two Cu-NC composites
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(Figure 4.10c). These results clearly evidenced the influence of structure and composition
of Cu-NC on the ECO2R performance. The difference in catalytic performance on these
three Cu-NC electrodes may be attributed to the modified electronic and structural properties
owing to the interaction between Cu and N in carbon support. The best performance of CuNC1:1 can be correlated to factors such as the highest total percentage of pyridinic and
graphitic N-species (62%), and presence of more Cu NPs on more porous structure. As the
molar ratio between CuCl2 and urea changed from 1:1 to 2:2 in Cu-NC2:1, the composite
showed a decrease in FEC by ~8%. The decreased FEC may be explained by factors including
the presence of agglomerated Cu NPs, decreased total percentage of pyridinic and graphitic
N-species (56%) and high percentage of pyrrolic N species (44%) which may bind the CO2
molecule and limits its catalytic conversion

341,342.

The lowest FEC on Cu-NC1:2 can be

explained by the much lower amount of Cu particles on the composite even with a slighter
higher sum of pyridinic and graphitic N-species than Cu-NC2:1, and this result proves as a
further credential that Cu was the catalytic center.
The Faradaic efficiency for HCOO - formation followed a volcano-like behaviour on CuNC1:1: the Faradaic efficiency increased from 40% at -0.6 V to a maximum 52% at -0.7 V
and then decreased with more negative potentials. In terms of the Faradaic efficiency of CO
(FECO), it demonstrated the highest at -0.6 V and decreased over the potential range from 0.7 to -1.1 V. These changes may be attributed to the increased stability of reaction
intermediate for CO2 reduction products at low overpotentials and accelerated HER at more
cathodic potentials.
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Figure 4.10. Electrochemical CO2 reduction performance in CO 2-saturated 0.1 M KHCO3.
Faradaic efficiency curves CO, HCOO - and H2 (FECO, FEHCOO- and FEH2) at various
potentials for all Cu-NC and NC catalysts.
No formate formation was observed for Cu-NC2:1 at -0.6 V and it displayed a maximum
Faradaic efficiency of 45% for HCOO - formation at -0.7 V (Figure 4.10b). The Faradaic
efficency for HCOO - formation was decreased at more cathodic potentials. The highest FECO
of 21% was noted at -0.6 V and then decreased over the potential range from -0.7 to -1.1 V.
Similar to Cu-NC2:1, Cu-NC1:2 also did not display HCOO- formation at -0.6 V (Figure
4.10c). The Faradaic efficency for HCOO - formation followed a volcano-like behaviour: the
Faradaic efficiency increased from 22% at -0.7 V to 42% at -0.9 V and then decreased at
more negative potentials. Faradaic efficiency of CO (FECO), followed an inverted bell curve
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with maximum of 19% at -0.6 V and minimum of 10% at -0.9 V. These results clearly
indicates the ECO2R performance dependended on the structural and compositional changes
of Cu-NC composites. The ECO2R performance on Cu-NC catalysts were compared using
NC catalyst as a control (Figure 4.10d) produced H2 (≥ 85%) as a dominant product along
with CO ( 15%) and no HCOO- formation was observed over the range of applied potentials.

Figure 4.11. Partial current density curves for HCOO - (jHCOO-) at various potentials for all
Cu-NC catalysts.
The electrocatalytic ability of Cu-NC electrodes for reducing CO 2 was further compared by
investigating the HCOO - partial current density (jHCOO-) in Figure 4.11. The Cu-NC1:1
demonstrated much higher jHCOO- than Cu-NC2:1 and Cu-NC1:2 at all the applied potentials
indicative of the highest conversion rate of CO 2 to formate. For example, at -0.7 V, Cu-NC1:1
exhibited a jHCOO- of 1.0 mA cm -2, which was almost double that of Cu-NC2:1 (0.6 mA cm-2)
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and three times higher than that of Cu-NC1.2 (0.3 mA cm -2). These results also can be
correlated to decreased total percentage of pyridinic and graphitic N-species in Cu-NC2:1
(56%) and Cu-NC1:2 (60%) compared to that in Cu-NC1:1 (62%) and variations in the
morphology.

Figure 4.12. Tafel plots of Cu-NC catalysts for HCOO - production (a) and stability analysis
of Cu-NC1:1 in CO2-saturated 0.1M KHCO 3 (b).
To understand the underlying mechanism for formate on Cu-NC catalysts, Tafel plots were
performed (Figure 4.12a). Cu-NC1:1 displayed a slope of 119 mV dec -1, close to the
theoretical value of 120 mV dec -1 for CO2•- formation, which indicates that an initial singleelectron transfer forming CO 2•- intermediates is the rate-determining step for the CO 2-toformate conversion83. In contrast, Cu-NC2:1, and Cu-NC1:2 demonstrated a comparatively
higher slope of 122 mV dec -1, and 136 mV dec -1 respectively, indicating the sluggish kinetics
for HCOO- formation. The electron rich Cu formed from the interaction between Cu and Ndoped may promote the

adsorption of CO 2

and

subsequent formation of

intermediates*OCHO for the formate formation; thus, facilitating CO 2 reduction at relatively
low overpotentials as reﬂected by its smaller Tafel slope. The stability of best performing
Cu-NC1:1 catalyst was investigated at -0.7 V (Figure 4.12b). Cu-NC1:1 showed a steady total
current density and current density for CO 2 reduction products during the 11 h electrolysis
with a stable FEC of ~70%.
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4.5

Conclusions

In summary, a 3D N-doped porous carbon supported copper (Cu-NC) catalyst has been
synthesized by one-step scalable glucose blowing method utilizing urea as the N-source. The
catalytic activity on Cu-NC catalyst for ECO2R can be modulated by the structure and the
composition of N-species in the composite, which is achieved by simply altering the molar
ratio between CuCl2 and urea in the synthesis procedure. The porous morphology and the
presence of more pyridinic and graphitic N-species in N-doped carbon promote the CO 2
activation and formation of key reaction intermediates resulting in high Faradaic efficiency
for carbonaceous products formation on Cu-NC. This simple and scalable method for
fabricating efficient Cu-based demonstrated may stimulate the research and development of
nonprecious metal-based catalysts for the conversion of CO 2 to value-added products.
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5. 1

Abstract
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The development of selective and efficient catalysts is essential if practical application of
CO2 electroreduction is to be realised. The C1 products CO and formate are two of the
economically viable products generated from this technique. In this work, we report an
aligned copper oxide derived nanowires catalyst with tunable selectivity for producing CO
or formate in aqueous media. The catalyst with nanowires less than 2.3 µm converts CO 2 to
CO with a high CO/formate ratio of 2.52, while formate is the dominant product on longer
nanowires (≥ 2.7 µm) with a low CO/formate ratio of 0.63. Good selectivity of 63% for CO
and 52% for formate are achieved on 2.3 µm and 2.7 µm nanowire catalysts respectively at
a modest overpotential of 690 mV. The length-dependent product selectivity is correlated to
the surface structure and local pH environment which may affect the formation of
intermediates and the pathways towards products. This work highlights how product
selectivity is dependent on the length of Cu NWs used during the CO 2 electroreduction.

5. 2

Introduction

Carbon dioxide (CO2) is one of the key greenhouse gases driving climate change. 252,343 It
is also a carbon source that could be used to produce energy -rich products via different
approaches using photochemical, 254 biochemical,22 thermochemical,255 and electrochemical
methods.256 The latter approach, electrochemical conversion of CO 2 (ECO2R) into chemical
fuels using renewable energy, has gained extensive attention over the past decade, as it offers
the potential to close the anthropogenic carbon cycle. 16,253,344 However,

CO2 is a

thermodynamically stable and a fully oxidized linear molecule that requires substantial
energy input (~ 750 kJ mol-1) to dissociate the C=O bond, 136 and induce an electrochemical
reduction reaction. Moreover, it is a complicated reaction that involves multiple proton and
electron transfer steps producing a wide range of chemicals (e.g. carbon monoxide, formate,
hydrocarbons and oxygenates) with poor product selectivity attainable to date. 18,345 The
development of selective and efficient electrocatalysts is critical if economically viable
electrochemical reduction of CO 2 to useful products is to be realised.
Metallic catalysts (e.g. Au, Ag, Cu, Zn, Pd, Sn, In and Bi etc.) 46,95,115,346-348 have been shown
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to deliver high efficiency for the selective conversion of CO 2 to CO or formate. Among them,
Cu is the most extensively investigated as it can reduce CO 2 to hydrocarbons and oxygenates
such as CH4, C2H4, and C2H5OH with considerable efficiency.89,349 However, the use of bulk
Cu catalyst requires large overpotential (> 0.7 V) for CO2 reduction and exhibits poor
electrocatalytic activity due to the low number of active sites 81. Surface engineering of Cu
catalysts can dramatically enhance catalytic activity and product selectivity.
improved performance is achieved by tuning surface morphology

351,352,

90,124,350

The

engineering the

interface 94,353,354 or alloying with metals such as Au, Sn etc 141,355.

Oxide-derived copper catalysts with

enriched surface grain boundaries and residual

subsurface oxygen are excellent examples of a surface engineering strategy, which can
induce optimal surface binding properties on active sites favo uring the stabilization of
intermediates and CO2 conversion.356-358 Among them, the oxide-derived copper nanowires
(Cu NWs) catalysts have demonstrated significantly improved electrocatalytic ability due to
their high surface area and surface properties. For example, Ma et al. reported that oxide derived Cu NWs with length of 5-10 µm converted CO2 to CO and formate with a Faradaic
efficency (FE) of 50% and 30% at -0.6 V vs. reversible hydrogen electrode (RHE).359,360 In
another report, Cu NWs in the length range 10-50 µm were highly active and selective for
CO2-to-CO and formate conversion with a Faradaic efficiency of 61% and 30% at -0.4 V and
-0.6 V vs. RHE respectively.361 It has also been reported that the length of Cu NWs
influenced product selectivity, and the formation of hydrocarbons (C 2H4 and C2H6) on Cu
NWs via CO dimerization occured (FEC2H4 ~ 16.6%, FEC2H6 ~ 2%) on longer nanowires (≥
7.3µm). This was attributed to enhanced stabilzation of CO2*- and CO dimerization related
to the induced local pH gradient along the length of the nanowires 359. To date, the lengthdependent selectivity on aligned Cu NWs has not been systematically investigated.

Herein, we report an aligned shorter Cu NWs catalyst that demonstrates a length-dependent
selectivity over the applied potential range between -0.4 to -1.0 V vs. RHE for the CO2-toC1 (e.g., CO and formate) conversion. As estimated in the recent techno-economic analyses
of CO2 electroreduction, the C1 products CO and formate are considered as economically
viable and atom-economic targets due to the potential of high profit margin, ease of formation
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via two-electron transfer, and wide applications as fuels or precursors for chemical
production 26,362.This material is obtained via facile thermal oxidation and electrochemical
reduction. The Cu NWs catalyst with a length of less than 2.3 µm mainly convert CO 2 to CO,
while the longer nanowires dominantly convert CO 2 to formate. The 2.3 µm Cu NWs exhibit
an optimal selectivity of 63% for CO production with a FECO/FEformate ratio of 2.52 at -0.8 V
vs. RHE. The 2.7 µm Cu NWs catalyst favours the formate production with a selectivity of
52% and a FECO/FEformate ratio of 0.63.

5. 3

Experimental

5.3. 1 Materials
See Chapter 2 Section 2.1.

5.3. 2 Materials synthesis and electrode fabrication
Synthesis of CuxO nanowires (CuxO NWs): A simple thermal oxidation method was
applied to fabricate vertically aligned Cu xO nanowires on copper mesh. Briefly, copper mesh
substrate was cleaned by bath sonication for 20 minutes in acetone to remove surface
contaminants, followed by the rinsing with water. After being dried with N2 gas flow, it was
heated to 550 ⁰C in a tube furnace and held at this temperature f or various durations from 2
to 12 hours. The obtained Cu xO samples were in black colour and designated as Cu xO-2,
Cu xO-4, Cu xO-6, Cu xO-8, Cu xO-10 or Cu xO-12, in which the numeral stood for the annealing
time in hours.
Reduction of CuxO nanowires (Cu NWs): All Cu xO electrodes were subjected to an insitu electrochemical reduction in argon (Ar) saturated 0.1 M KHCO 3 solution at a constant
potential of -1.4 V vs. Ag/AgCl (3 M KCl) for 20 min prior to the ECO2R tests. The colour
was changed from black to dark red, and copper nanowires (Cu NWs) were obtained. For
simplicity, these reduced samples were designated as Cu-2, Cu-4, Cu-6, Cu-8, Cu-10 or Cu12, following the label format for Cu xO NWs.
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5.3. 3 Materials Characterization
Structural Characterization and Electrochemical measurements: See Chapter 2 Section
2.2.

Determination of the roughness and double-layer capacitance (C dl) of Cu NWs: Cyclic
Voltammetry (CV) to study the roughness of Cu NWs was conducted in Ar purged 0.1 M
HClO4 at various scan rates. A potential window from −0.325 to -0.125 V (vs. Ag/AgCl) was
adopted wherein no redox reactions occurred. The width of the CV is thereby directly related
to the double-layer capacitance (Cdl), proportional to the roughness of material. The C dl was
estimated by plotting Δj/2 against scan rates, in which the slope was C dl. The Δj is the
difference between ja and jc, where ja and jc are the anodic and cathodic current density at
the midpoint of the applied potential window, respectively.

5. 4

Results And Discussion

5.4.1 Structural Analysis of Cu-NWs Catalysts

Copper mesh was oxidized at 550 oC in air for different durations to obtain different Cu xO
formations. The morphology of the Cu xO samples was investigated by SEM and TEM. The
Cu xO-2 sample (annealing time, 2hr) showed a defective dense grain structure with a smooth
surface (Figures 5.1a-c). The SEM and TEM images at high magnifications (Figures 5.1c)
showed a coagulated grain structure. As no copper nanowires were formed, thus no further
investigations were conducted on this sample in this work. When the annealing time was
beyond 4 hours, all the Cu xO samples displayed a three-dimensional structure composed of
vertically aligned nanowires with smooth surface (Figures 5.1d-f, Figure SI 5.1-4). The
average length of Cu xO NWs increased with the annealing time up to 10 hours (Cu xO-10),
and the nanowires of Cu xO-12 displayed nearly the same length nanowires compare to Cu10 (Figures 5.1b-g and Figure SI 5.1-4). The average length was 1.5 µm, 2 µm, 2.3 µm, 2.6
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µm and 2.7 µm for Cu xO-4, Cu xO-6, Cu xO-8, Cu xO-10 and Cu xO-12, respectively (Figure
SI 5.5). This can be explained by increased diffusion of Cu/O atoms over the prolonged
duration of annealing which is the driving force for the nanowire growth and high rates of
accumulated compressive stress inhibits further growth of nanowires. 363 The smooth surface
feature of these nanowires was confirmed by transmission electron microscopy (TEM,
Figure SI 5.6a). The presence and distribution of elements Cu and O in Cu xO-8 were
observed and provided in Figure SI 5.6.

The formation of Cu xO NWs with different length on Cu mesh via thermal oxidation in air
for different durations is illustrated in Figure 5.1g. A thin layer of Cu xO was initially formed
on the copper mesh surface as reflected by the colour change from reddish brown to black.
This acted as the seed materials for the growth of Cu xO NWs 364. The formation of nanowires
can be ascribed to the diffusion of Cu/O atoms through thin the Cu xO layer, and the growth
was impacted by the annealing duration. Prolonged annealing enabled the migration of more
copper atoms through Cu xO resulting in the formation of more and longer wires and the high
level of accumulated stress restricted its further growth 365.The synthesized Cu xO nanowires
were electrochemically reduced (in-situ) to Cu NWs prior to CO 2 electrolysis as provided in
Figure 5.1f.
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Figure 5.1. SEM and TEM images of Cu xO-2 (a-c), Cu xO-8 (d-e) and Cu-8 (f), and the
schematic diagram of the formation of Cu nanowires (g).
The chemical composition of Cu xO NWs was investigated via XRD with Cu mesh as control
(Figure 5.2a). The Cu mesh after thermal oxidation presented the characteristic peaks of
CuO (JCPDS 05-0661), Cu 2O (JCPDS 65-3288) and metallic Cu (JCPDS 65-9473). After
the reduction, the formed Cu NWs only displayed the peaks of cubic Cu same as pristine Cu
mesh, and no discernible peaks for copper oxide were present (Figure SI 5.7a). In the Raman
102

analysis, all Cu xO NWs samples showed three peaks at 296 cm -1, 340 cm -1 and 634 cm -1
(Figure 5.2b), a characteristic of CuO 366. The small broad peak at ~220 cm -1 can be assigned
to the Cu 2O constituent in the structure. These peaks became pronounced when annealing
treatment was extended from 2 to 12 hours, reflecting improved crystallinity. 365 Peaks
corresponding to Cu xO were absent for the electrochemically reduced Cu xO nanowires
(Figure SI 5.7b), indicating the reduction of oxides. The XPS spectra confirmed the presence
of Cu and O in Cu xO sample (Figure 5.2c). Cu xO-8 and Cu-8 both exhibited two main peaks
at binding energies of 932.6 eV and 952.4 eV, which can be assigned to the Cu 2p 3/2 and Cu
2p 1/2 peaks of Cu 0/1+. The core level spectra of Cu displayed the satellite peaks at around
942.3 eV and 962.1 eV (Figure 5.2d) corresponding to Cu 2+ before the electrolysis. As
expected, those peaks disappeared after the electrolysis at -1.4 V vs. Ag/AgCl (3 M KCl) for
20 min, and only showed the peaks of Cu 2p 3/2 and Cu 2p 1/2 corresponding to Cu 0 or Cu 1+
(Figure 5.2d), confirming the reduction of oxides.

Figure 5.2. Structural characterizations of samples. a) XRD patterns and b) Raman spectra
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of all Cu xO NWs samples and Cu mesh; c) XPS survey scans and d) core level spectra of Cu
2p of Cu xO-8 (red line) and Cu-8 (black line).

5.4.2 ECO2R Performance of Cu NWs Catalysts
The ECO2R performance on Cu NW catalysts were first assessed by linear sweep
voltammetry (LSV) studies (Figure SI 5.8). All the Cu NW catalysts exhibited higher LSV
currents in CO2-saturated electrolyte compared to that in Ar- saturated electrolyte. These
results gave an initial indication of the electrocatalytic ability of Cu NW c atalysts to CO2
reduction. The electroreduction of CO 2 on Cu NWs was further assessed by controlled
potential electrolysis over the potential range from -0.4 V to -1.0 V (vs. RHE) using pristine
Cu mesh as a control. The dominant product using Cu mesh electrode was H2 (≥ 70%) along
with CO ( 10%) and HCOO- ( 20%) consistent with previous reports 361,367. The products
generated on Cu NWs contained CO, HCOO - and H2 as well, but with greatly improved
catalytic activity, reflected in enhanced Faradaic efficiency at increased current density. The
Faradaic efficiency of CO (FECO) on all Cu NW electrodes showed a volcano-like behavior
(Figure 5.3a). Electrodes of Cu-4 (1.5 µm), Cu-6 (2.0 µm), Cu-8 (2.3 µm) and Cu-10 (2.6
µm) all showed the same trend for CO formation: the Faradaic efficiency increased with
application of a more negative potential up to -0.8 V and then decreased. The FECO peaked
at -0.8 V (i.e., an overpotential of 690 mV), and they were 46%, 52%, 63% and 47%,
respectively. Cu-8 displayed the highest Faradaic efficiencies for CO formation at all the
applied potentials. Whereas Cu-12 (2.7 µm) electrode exhibited the highest CO formation
efficiency of 44% at -0.6 V. These results clearly demonstrate that the FE CO increased with
the increase in length of nanowires till 2.3 µm then decreased. In terms of the Faradaic
efficiency of formate (FEHCOO-) formation on these electrodes (Figure 5.3b), it did not follow
a clear trend. Cu-4, Cu-6 and Cu-10 exhibited a maximum FEHCOO- of 36%, 35% and 39%
at -0.9 V, respectively; whereas Cu-8 and Cu-12 showed a peak FEHCOO- of 34% and 52% at
-0.5 V and -0.8 V, respectively. These Cu NWs displayed similar selectivity of 34-39% for
formate till the length of 2.6 µm, and increased sharply to 52% on Cu-12 (2.7 µm). All these
results clearly verify length-dependent selectivity of CO and formate on these Cu NWs for
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electrolytic CO2 reduction. These Cu NW electrodes all demonstrated excellent catalytic
activity regarding the total Faradaic efficiency of carbonaceous products (FEC, sum of FECO
and FEHCOO-) over 70% from -0.5 V to -0.9 V (Figure SI 5.9), peaked at -0.8 V and Cu-8
showed the highest FEC of 88%. This can be explained by increased CO 2 reduction reaction
surpassing the accompanying hydrogen evolution reaction (HER) at less cathodic potentials
and limited CO2 adsorption and accelerated HER at more cathodic potentials 71.
The length-dependent catalytic activity of Cu NWs for the conversion of CO 2 to CO and
formate was further evidenced by the partial current densities of CO and formate (jCO and
jformate) (Figure 5.3c-d). Cu-8 showed a jCO of 4.5 mA cm -2 at -0.8 V where the maximum
CO formation was observed, which was much higher than Cu-4 (2.2 mA cm -2) and Cu-12
(3.3 mA cm -2). In contrast, Cu-12 showed the highest jformate at all applied potentials,
indicative of the highest conversion rate of CO 2 to formate. The highest jformate on Cu-12 was
5.3 mA cm -2 at -0.8 V, which was about three times higher than observed using Cu -4 (1.5
mA cm-2). To further demonstrate the selectivity dependence on the length of nanowires, the
Faradaic efficiencies of all products (i.e., CO, HCOO - and H2) of Cu NWs at -0.8 V (the
potential where the highest FEC was achieved) are presented in Figure 5.3e, and the ratio
between FECO and FEHCOO- was calculated and presented in Figure 5.3f. Both plots show a
clear trend: the total FEC at -0.8 V for all Cu NW electrodes were in the similar range and
was above 70% (Figure 5.3e). The ratio between FECO and FEHCOO- (FECO/FEHCOO-) was
increasing with increasing in length until 2.3 µm (Cu-8) and then decreased (Figure 5.3f).
The Cu-8 and Cu-12 electrodes exhibited the highest and lowest FECO/FEHCOO- ratio of 2.52
and 0.63, respectively. The selective CO formation kept increasing with the increase in length
of nanowires from 1.5 µm (Cu-4) to 2.3 µm (Cu-8), then it decreased drastically on the
samples with longer nanowires of 2.6 µm (Cu-10) and 2.7 µm (Cu-12).
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Figure 5.3. Electrochemical CO2 reduction performance in CO 2-saturated 0.1 M KHCO3. a)
FECO, b) FEHCOO-, c) jCO, and d) jHCOO- at various potentials for Cu NWs and bare Cu mesh;
e) FECO FEHCOO- and FEH2 on Cu NWs at -0.8 V vs. RHE; f) Ratio of FECO to FEHCOO- for all
Cu NWs at -0.8 V vs. RHE.
To investigate the intrinsic activity, the partial current densities of CO and formate (jCO-(ECSA)
and j HCOO--(ECSA)) were normalized to their electrochemical surface areas (ECSAs) and shown
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in Figure SI 5.10. The ECSAs and surface roughness factor of these Cu electrodes were
determined based on the double-layer capacitance (Figures SI 5.11 and 5.12) and provided
in Table 1 (Supporting Information). The ECSA and surface roughness factor displayed a
trend: it increased with the increase in length from 1.5 µm (Cu -4) to 2.3 µm (Cu-8), then
decreased on longer nanowires of 2.6 µm (Cu-10) and 2.7 µm (Cu-12). It may be attributed
to the low density of NWs over the prolonged annealing time, a phenomenon has been
previously reported for Cu xO nanowires 365.The jCO-(ECSA) and j HCOO--(ECSA) increased with
increase in length (Figure SI 5.10a and SI 5.10b). Also, the partial current density
normalized to geometrical area (jC) and ECSA (jC-(ECSA)) for carbonaceous product formation
demonstrates that intrinsic activity increased with an increase in length of nanowires (Figure
SI 5.10c&d).

To understand the underlying mechanism for CO and formate formation, Tafel plots were
performed (Figure 5.4a-b). Cu-8 displayed a slope of 126 mV dec -1, close to the theoretical
value of 120 mV dec -1 for CO2•- formation, which indicates that an initial single-electron
transfer forming CO2•- intermediates is the rate-determining step for the CO 2-to-CO
conversion. In contrast, Cu-4, Cu-6, Cu-10, and Cu-12 demonstrated a higher slope of 144
mV dec-1, 143 mV dec -1, 132 mV dec -1 and 135 mV dec -1 respectively, indicating sluggish
kinetics for CO formation. As Faradaic efficiency results indicated, the reaction kinetics for
CO formation was faster with an increase in length until 2.3 µm (Cu -8) and then became
slower on longer nanowires of 2.5 µm (Cu-10) and 2.7 µm (Cu-12). For formate production,
Cu-12 displayed the lowest slope of 112 mV dec-1, indicating the fast kinetics, which is close
to 120 mV dec -1 for the first electron transfer forming CO 2•- intermediates as the rate-limiting
step, and Cu-10 displayed a similar slope of 119 mV dec -1 as well. In comparison, Cu-4, Cu6, and Cu-8 favourable for CO showed a much higher slope of 136 mV dec -1, 132 mV dec-1
and 131 mV dec -1 indicating the slow reaction kinetics for formate formation.
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Figure 5.4. Tafel plots of Cu NWs for (a) CO production and for (b) HCOO - production. (c)
Schematic illustration the effect of length on the local pH and CO 2-to-product formation of
Cu NWs.
The Tafel slopes of all Cu NW electrodes suggest the initial electron transfer to form the
CO2•- intermediate is the rate-determining step. This means that the length-dependent
selectivity may be attributed to the presence of two different active sites favouring the
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intermediates of carbon-bound *COOH for CO and oxygen-bound *OCHO for formate,
respectively. 368 For shorter Cu NWs (length ≤2.3 µm) which favor the subsequent formations
of *COOH and *CO intermediates and ultimately produces CO. It has been reported that CO
selectivity increased with increase in surface roughness of electrodes whereas for formate
the inverse was observed 369. The Cu-8 (2.3 µm) electrode displayed highest CO selectivity
and it can be attributed to its highest surface roughness. In contrast, Cu -12 (2.7 µm) electrode
with the lowest surface roughness displayed the highest formate selectivity. The selectivity
was also affected by the local pH environment at the electrode -electrolyte interface as
illustrated in Figure 5.4c. As previously reported for Cu NWs, the local pH increased with
the increase in length of nanowires due to the limited diffusion of CO2, HCO3- and reduced
rate of neutralization reaction of OH - generated from the CO2 electrolysis were accumulated
around NWs 359. Higher local pH for longer nanowires enhanced the production of *OCHO
intermediate and produced more formate 370,371, whereas the lower local pH accompanied
with shorter nanowires favoured the formation of *COOH intermediate for CO formation. In
brief, the length-dependent selectivity can be ascribed to the surface roughness of the
electrode and length induced local pH changes. No C 2 products were observed on Cu NWs
over the range of applied potentials, which may be explained by the fact that the short
residence time of *CO intermediate on these nanowires in short length inhibited the
dimerization of CO to C2 products 372-374.
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Figure 5.5. Stability analysis of Cu-8 (a) and Cu-12 (c) in CO2-saturated 0.1M KHCO 3
(Insets, CO2 reduction specific current density), and SEM images of Cu-8 (b) and Cu-12 (d)
after the 10-hour electrolysis at -0.6 V vs R.H.E (Insets, TEM images).
The stability of performance using Cu-8 and Cu-12 electrodes was evaluated at -0.6 V
(Figure 5.5). The Cu-8 and Cu-12 electrodes all exhibited slightly decreased total current
density during the 10h electrolysis but with slightly increased FE CO and FEHCOO- (Figure
5.5a and 5.5c). These changes may be ascribed to the slow growth of Cu nanoparticles that
form aggregates 375. More specifically, the Cu-8 electrode displayed a steady current density
for CO2 reduction products during the 10h of electrolysis with an approximately 47% CO
Faradaic efficiency and a ~30% HCOO - efficiency (Inset of Figure 5.5a). Cu-12 electrode
also exhibited stable current densities for CO 2 reduction products during the 10h electrolysis
accompanying with a 27 % CO Faradaic efficiency and 45 % HCOO- efficiency (Inset of
Figure 5.5c). SEM analysis (Figure 5.5b and 5.5d) after the electrolysis revealed the impact
of electrolysis on morphology. These electrodes retained the nanowire shape but appeared in
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rougher surface decorated with particles due to the oxide reduction, which is consistent with
the previous report71. The rougher surface was further confirmed by TEM and HAADFSTEM analysis (Figure SI 5.13 a-h).

5. 5

Conclusions

In summary, vertically aligned Cu nanowires with average length of less than 3µm
demonstrate a length-dependent product selectivity for C1 products. The selectivity for CO
increased with an increase in length until 2.3 µm with CO as the major product, while formate
became the dominant product when the average length was increased to 2.7 µm. Mechanistic
studies suggest that the rate-limiting step for these Cu NWs is the initial electron transfer to
form the CO2•- intermediate. The selectivity dependence of Cu NWs on their length could be
ascribed to the surface roughness and local pH variations. This work may provide a new view
on the selectivity dependence on Cu nanowires catalysts for electrochemical conversion of
CO2.
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5. 7

Supplementary Information

Figure SI 5.1. SEM images of Cu xO-4 at different magnifications.
6

Figure SI 5.2. SEM images of Cu xO-6 at different magnifications.
7
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Figure SI 5.3. SEM images of Cu xO-10 at different magnifications.
8

Figure SI 5.4. SEM images of Cu xO-12 at different magnifications.
9
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Figure SI 5.5. Bar graph of average length against annealing duration (h).
10

Figure SI 5.6. (a) HAADF-STEM image, (b) HRTEM image and the STEM elemental
11

mapping results of Cu xO-8.
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Figure SI 5.7. a) XRD pattern and b) Raman spectra of reduced Cu xO-4.
12

Figure SI 5.8. LSV scans of all Cu NW catalysts at a scan rate of 1 mVs -1 in CO2 (a) and Ar
13

(b) saturated 0.1 M KHCO3.
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Figure SI 5.9. Faradaic efficiency of carbonaceous products on all Cu NW electrodes at
14

various potentials.

Figure SI 5.10. Partial Current density normalized to ECSA of CO (a) and HCOO -(b) on all
15
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Cu NWs; Partial Current density of CO 2 reduction normalized to geometric area (c) and
ECSA (d) on all Cu NWs.

Figure SI 5.11. CVs of Cu-4 (a), Cu-6 (b), Cu-8 (c), Cu-10 (d), Cu-12 (e) and Cu foil (f) in
16

Ar-purged 0.1 M HClO4.
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Figure SI 5.12. Current density from the double-layer charge/discharge as a function of CV
17

scan rate for all Cu NW electrodes and Cu foil (inset).

For Cu foil, the double layer capacitance was 77.7 µF. Its ECSA was assumed to be 1. The
ECSA of all Cu NWs were calculated using the equation ECSA=C/C0, where C is the
capacitance calculated from the double layer capacitance and C 0 is the capacitance of pristine
foil.

Table SI 5.1 shows the values of double-layer capacitance and electrochemically active
surface area (ECSA).
Catalyst

Capacitance (Cdl)

ECSA (cm 2)

Cu foil

77.7 µF

1

118

Cu-4

14.4 mF

185

Cu-6

16.8 mF

217

Cu-8

18.9 mF

243

Cu-10

17.2 mF

221

Cu-12

13.6 mF

176

The surface roughness factor (Rf) was calculated using the following formula
Rf = Electrochemical surface area (ECSA) / Geometrical area
Geometrical surface area of all the electrodes used were 1 cm 2.

Figure SI 5.13. HAADF-STEM images and STEM elemental mapping of Cu-8 (a-d) and
18

Cu-12 electrode (e-h) after 10 hours of electrolysis.

Chapter 6 Conclusions and Outlook
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6. 1

Conclusions

This thesis aims to develop efficient nanostructured metal-based catalysts for CO 2
electrochemical reduction. Three different types of electrocatalysts have been developed
including gold-polyaniline (Au-PANI) nanocomposite, N-doped carbon supported Cu and
oxide-derived Cu nanowires. Simple wet chemistry and pyrolysis techniques are used to
synthesize these catalysts which are easily scalable for practical implementation. The
electrocatalytic activity of these catalysts can be modulated via engineering the interface and
surfaces. The enhanced catalytic performance on these catalysts proves that engineering the
interface and surface of metals catalysts are effective and facile strategies to tune their
catalytic properties for promoting the CO 2 electroreduction.
In Chapter 3, a gold-polyaniline nanocomposite electrocatalyst has been fabricated via a
scalable single-step in-situ redox reaction at ambient conditions. This material is in a coreshell structure with gold as the core and PANI as the shell. Its catalytic activity can be tuned
by the ratio between reactants in the synthesis reaction . This catalyst has demonstrated
enhanced catalytic activity towards the conversion of CO 2 to CO over the individual
components in the composite. The interfacial interaction between Au NPs and amine links
in PANI through σ electron donation facilitates CO 2 adsorption and formation of key reaction
intermediates, which results in a high selectivity for CO 2 electroreduction. In short, this work
provides a cost-effective strategy using interfacial engineering to regulate catalysts for
enhanced CO2 electroreduction.

Chapter 4 presents the development of a 3D N-doped porous carbon supported copper (CuNC) catalyst via a simple one-step glucose blowing method. The Cu-NC composites display
a porous morphology whereas the N-doped carbon formed under the same condition without
copper compound in the reaction demonstrates a non -porous structure. The porous
morphology and catalytic activity of these composites can be tuned by the molar ratio
between reactants in the synthesis reaction. The structure of and presence of nitrogen species
such as pyridinic and graphitic in the composites contribute to the high catalytic activity for
the conversion of CO 2 to C1 products at moderate overpotentials. This work again proves
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the effectiveness of the interfacial strategy in developing hybrid catalyst based on metalsupport interaction.

In Chapter 5, a surface engineering strategy is explored by investigating the length dependent
catalytic activity on vertically aligned oxide-derived Cu nanowires (Cu NWs) with average
length of less than 3 µm. This catalyst demonstrates excellent electrocatalytic activity
towards CO2-to-C1 products conversion, and the selectivity is dependent on the length of
nanowires. CO is the major product using Cu NWs with lengths up to 2.3 µm, whereas the
formate product is dominant with longer nanowires (length >2.3 µm). Surface roughness and
local pH variations are the key attributes for this length dependent selectivity. Mechanistic
studies confirm that the initial single electron transfer yielding CO 2•- intermediate is the ratelimiting step. This work opens a window in developing metal-based catalysts by utilizing the
surface engineering strategy for efficient electrochemical conversion of CO 2.
In short, this thesis highlights two efficient strategies, n amely interfacial and surface
engineering, in modulating nanostructured metal-based catalysts for enhanced CO 2
electrochemical reduction. The results demonstrate that these strategies influence the binding
ability of key reaction intermediates and catalytic environment of active sites for CO 2
electroreduction to promote the catalytic activity. These works also stimulate the scalable
production and design of robust and inexpensive catalysts.

6. 2

Outlook

The main perspective of the research on ECO 2R is the practical implementation of this
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technology, wherein conversion of CO 2 into desired products on a large scale at low cost is
realized. Catalysts developed in this thesis such as gold -polyaniline composites, N-doped
porous carbon supported copper and vertically aligned Cu nanowires have demonstrated
excellent ECO2R performances. In order to understand the effect of interfacial and surface
engineering methodologies used on the CO 2 reduction performance, the catalytic activities
of these catalysts were investigated in a static H-cell. To investigate the performance of these
catalysts for large-scale application, their electrocatalytic performance needs to be
investigated in flow cells. Flow-cells are basically continuous reactors which can overcome
the limitations found in H-cell such as low CO2 diffusion rate to the catalyst surface and low
solubility of CO2 in aqueous solution by the continuous feed of CO 2.

So, the next focus of this study is to create a gas-diffusion electrode using a suitable substrate
such as carbon paper to support the catalyst, then it will be investigated in flow cell. This
will result in an efficient three-phase contact, where catalyst, electrolyte and CO 2 meet and
react

376,377

to further improve the ECO 2R performance with high current density, arising

from the changes in thermodynamics and reaction kinetics 378. Also, the flow-cell units can
be effectively scaled to larger stacks which is essential for the industrial scale application of
these developed catalysts for ECO 2R379.

The improved ECO2R performance using the catalysts developed in this thesis proves that
the interfacial and surface tuning approaches are effective in controlling the catalytic activity
of nanostructured metal catalysts but, the underlying mechanism of en hanced catalytic
performance such as intermediate formation process is yet to elucidated. Versatile in -situ or
operando techniques can be used to track or identify the dynamic evolution in catalytic
process and understand the catalytic mechanism 380 A combination of in-situ techniques such
as attenuated total reflection infrared spectroscopy (ATR-IR), Raman spectroscopy, X-ray
absorption spectroscopy (XAS), X-ray diffraction (XRD), X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) along with liquid
phase TEM can track or identify intermediate species on the catalyst surface, structural and
morphological evolution, electronic structure, changes in crystal structure and phase
transitions, oxidation state of target atoms and local coordination geometry respectively 381.
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This will help to clarify the effects of these strategies at the molecular level in both batch and
continuous reactor set-up, which is pivotal in designing and developing novel catalysts in the
future.

Apart from the above-mentioned experimental methods, computational simulations
including density function theory (DFT) can be utilized for modeling and predicting efficient
catalysts.382,383 An atomic scale model is used in such DFT calculations to quantify the
electrochemical process rates and energetics in a solid-liquid interface. DFT calculations also
evaluate parameters such as activation energy of the elementary steps and the reaction paths
information about binding energies of the intermediates384. The engineering strategies
including interfacial, and surface used in this thesis could be further validated using DFT
calculations combined with the in-situ characterizations to guide the design and development
of low-cost efficient catalysts via scalable fabrication methods.
Electrochemical CO2 reduction has become a critical platform that can be used to address
environmental issues such as global warming, with a significant impact on sustainability.
Material modulations including interfacial and surface engineering of metal-based
nanocatalysts once scaled-up for industrial application will pave a way in mitigating impacts
of increased atmospheric concentration of CO 2.
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(193) Shinagawa, T.; Larrazábal, G. n. O.; Martín, A. J.; Krumeich, F.; Pérez-Ramírez, J.
Sulfur-modified copper catalysts for the electrochemical reduction of carbon dioxide
to formate. ACS Catalysis 2018, 8 (2), 837.
(194) Wu, D.; Chen, W.; Wang, X.; Fu, X.-Z.; Luo, J.-L. Metal-support interaction
enhanced electrochemical reduction of CO2 to formate between graphene and Bi
nanoparticles. Journal of CO2 Utilization 2020, 37, 353.

142

(195) Li, Z.; Wu, R.; Zhao, L.; Li, P.; Wei, X.; Wang, J.; Chen, J. S.; Zhang, T. Metalsupport interactions in designing noble metal-based catalysts for electrochemical CO
2 reduction: Recent advances and future perspectives. Nano Research 2021, 1.
(196) Sun, L.; Reddu, V.; Fisher, A. C.; Wang, X. Electrocatalytic reduction of carbon
dioxide: opportunities with heterogeneous molecular catalysts. Energy &
Environmental Science 2020, 13 (2), 374.
(197) Rogers, C.; Perkins, W. S.; Veber, G.; Williams, T. E.; Cloke, R. R.; Fischer, F. R.
Synergistic enhancement of electrocatalytic CO2 reduction with gold nanoparticles
embedded in functional graphene nanoribbon composite electrodes. Journal of the
American Chemical Society 2017, 139 (11), 4052.
(198) Gao, D.; Zhang, Y.; Zhou, Z.; Cai, F.; Zhao, X.; Huang, W.; Li, Y.; Zhu, J.; Liu, P.;
Yang, F. Enhancing CO2 electroreduction with the metal–oxide interface. Journal of
the American Chemical Society 2017, 139 (16), 5652.
(199) Baturina, O.; Lu, Q.; Xu, F.; Purdy, A.; Dyatkin, B.; Sang, X.; Unocic, R.; Brintlinger,
T.; Gogotsi, Y. Effect of nanostructured carbon support on copper electrocatalytic
activity toward CO2 electroreduction to hydrocarbon fuels. Catalysis Today 2017,
288, 2.
(200) Zhang, W.; Qin, Q.; Dai, L.; Qin, R.; Zhao, X.; Chen, X.; Ou, D.; Chen, J.; Chuong,
T. T.; Wu, B. Electrochemical reduction of carbon dioxide to methanol on
hierarchical Pd/SnO2 nanosheets with abundant Pd–O–Sn interfaces. Angewandte
Chemie International Edition 2018, 57 (30), 9475.
(201) Li, Q.; Zhu, W.; Fu, J.; Zhang, H.; Wu, G.; Sun, S. Controlled assembly of Cu
nanoparticles on pyridinic-N rich graphene for electrochemical reduction of CO2 to
ethylene. Nano Energy 2016, 24, 1.
(202) Kim, J.-H.; Woo, H.; Choi, J.; Jung, H.-W.; Kim, Y.-T. CO2 electroreduction on
Au/TiC: enhanced activity due to metal–support interaction. ACS Catalysis 2017, 7
(3), 2101.
(203) Shao, Q.; Wang, P.; Liu, S.; Huang, X. Advanced engineering of core/shell
nanostructures for electrochemical carbon dioxide reduction. Journal of Materials
Chemistry A 2019, 7 (36), 20478.

143

(204) Das, S.; Pérez-Ramírez, J.; Gong, J.; Dewangan, N.; Hidajat, K.; Gates, B. C.; Kawi,
S. Core–shell structured catalysts for thermocatalytic, photocatalytic, and
electrocatalytic conversion of CO 2. Chemical Society Reviews 2020, 49 (10), 2937.
(205) Li, Q.; Fu, J.; Zhu, W.; Chen, Z.; Shen, B.; Wu, L.; Xi, Z.; Wang, T.; Lu, G.; Zhu, J.j. Tuning Sn-catalysis for electrochemical reduction of CO2 to CO via the core/shell
Cu/SnO2 structure. Journal of the American chemical society 2017, 139 (12), 4290.
(206) Humphrey, J. J.; Plana, D.; Celorrio, V.; Sadasivan, S.; Tooze, R. P.; Rodríguez, P.;
Fermín, D. J. Electrochemical reduction of carbon dioxide at gold‐palladium core–
shell nanoparticles: product distribution versus shell thickness. ChemCatChem 2016,
8 (5), 952.
(207) Wang, J.; Ji, Y.; Shao, Q.; Yin, R.; Guo, J.; Li, Y.; Huang, X. Phase and structure
modulating of bimetallic CuSn nanowires boosts electrocatalytic conversion of CO2.
Nano Energy 2019, 59, 138.
(208) Fan, L.; Xia, C.; Yang, F.; Wang, J.; Wang, H.; Lu, Y. Strategies in catalysts and
electrolyzer design for electrochemical CO2 reduction toward C2+ products. Science
advances 2020, 6 (8), eaay3111.
(209) Yang, W.; Dastafkan, K.; Jia, C.; Zhao, C. Design of electrocatalysts and
electrochemical cells for carbon dioxide reduction reactions. Advanced Materials
Technologies 2018, 3 (9), 1700377.
(210) Li, M.; Garg, S.; Chang, X.; Ge, L.; Li, L.; Konarova, M.; Rufford, T. E.; Rudolph,
V.; Wang, G. Toward excellence of transition metal‐based catalysts for CO2
electrochemical reduction: an overview of strategies and rationales. Small Methods
2020, 4 (7), 2000033.
(211) Baturina, O. A.; Lu, Q.; Padilla, M. A.; Xin, L.; Li, W.; Serov, A.; Artyushkova, K.;
Atanassov, P.; Xu, F.; Epshteyn, A. CO2 electroreduction to hydrocarbons on carbonsupported Cu nanoparticles. ACS Catalysis 2014, 4 (10), 3682.
(212) Salehi-Khojin, A.; Jhong, H.-R. M.; Rosen, B. A.; Zhu, W.; Ma, S.; Kenis, P. J.;
Masel, R. I. Nanoparticle silver catalysts that show enhanced activity for carbon
dioxide electrolysis. The Journal of Physical Chemistry C 2013, 117 (4), 1627.
(213) Zhang, Z.; Chi, M.; Veith, G. M.; Zhang, P.; Lutterman, D. A.; Rosenthal, J.;
Overbury, S. H.; Dai, S.; Zhu, H. Rational design of Bi nanoparticles for efficient
144

electrochemical CO2 reduction: the elucidation of size and surface condition effects.
Acs Catalysis 2016, 6 (9), 6255.
(214) Zhang, S.; Kang, P.; Meyer, T. J. Nanostructured tin catalysts for selective
electrochemical reduction of carbon dioxide to formate. Journal of the American
Chemical Society 2014, 136 (5), 1734.
(215) Jeon, H. S.; Sinev, I.; Scholten, F.; Divins, N. J.; Zegkinoglou, I.; Pielsticker, L.;
Cuenya, B. R. Operando evolution of the structure and oxidation state of size controlled Zn nanoparticles during CO2 electroreduction. Journal of the American
Chemical Society 2018, 140 (30), 9383.
(216) Zhu, W.; Kattel, S.; Jiao, F.; Chen, J. G. Shape‐controlled CO2 electrochemical
reduction on nanosized Pd hydride cubes and octahedra. Advanced Energy Materials
2019, 9 (9), 1802840.
(217) Liu, S.; Sun, C.; Xiao, J.; Luo, J.-L. Unraveling Structure Sensitivity in CO2
Electroreduction to Near-Unity CO on Silver Nanocubes. ACS Catalysis 2020, 10
(5), 3158.
(218) Lee, H.-E.; Yang, K. D.; Yoon, S. M.; Ahn, H.-Y.; Lee, Y. Y.; Chang, H.; Jeong, D.
H.; Lee, Y.-S.; Kim, M. Y.; Nam, K. T. Concave rhombic dodecahedral Au
nanocatalyst with multiple high-index facets for CO2 reduction. ACS nano 2015, 9
(8), 8384.
(219) Mascaretti, L.; Niorettini, A.; Bricchi, B. R.; Ghidelli, M.; Naldoni, A.; Caramori, S.;
Li Bassi, A.; Berardi, S. Syngas evolution from co2 electroreduction by porous au
nanostructures. ACS Applied Energy Materials 2020, 3 (5), 4658.
(220) Xie, J.-F.; Huang, Y.-X.; Li, W.-W.; Song, X.-N.; Xiong, L.; Yu, H.-Q. Efficient
electrochemical CO2 reduction on a unique chrysanthemum-like Cu nanoflower
electrode and direct observation of carbon deposite. Electrochimica Acta 2014, 139,
137.
(221) Mariano, R. G.; McKelvey, K.; White, H. S.; Kanan, M. W. Selective increase in
CO2 electroreduction activity at grain-boundary surface terminations. Science 2017,
358 (6367), 1187.
(222) Li, C. W.; Ciston, J.; Kanan, M. W. Electroreduction of carbon monoxide to liquid
fuel on oxide-derived nanocrystalline copper. Nature 2014, 508 (7497), 504.
145

(223) Feng, X.; Jiang, K.; Fan, S.; Kanan, M. W. A Direct Grain -Boundary-Activity
Correlation for CO Electroreduction on Cu Nanoparticles. ACS Central Science 2016,
2 (3), 169.
(224) Kim, K.-S.; Kim, W. J.; Lim, H.-K.; Lee, E. K.; Kim, H. Tuned chemical bonding
ability of Au at grain boundaries for enhanced electrochemical CO2 reduction. ACS
Catalysis 2016, 6 (7), 4443.
(225) Dong, C.; Fu, J.; Liu, H.; Ling, T.; Yang, J.; Qiao, S. Z.; Du, X.-W. Tuning the
selectivity and activity of Au catalysts for carbon dioxide electroreduction via grain
boundary engineering: a DFT study. Journal of Materials Chemistry A 2017, 5 (15),
7184.
(226) Mariano, R. G.; McKelvey, K.; White, H. S.; Kanan, M. W. Selective increase in
CO<sub>2</sub> electroreduction activity at grain-boundary surface terminations.
Science 2017, 358 (6367), 1187.
(227) Chen, C.; Sun, X.; Yan, X.; Wu, Y.; Liu, M.; Liu, S.; Zhao, Z.; Han, B. A strategy to
control the grain boundary density and Cu+/Cu 0 ratio of Cu -based catalysts for
efficient electroreduction of CO 2 to C2 products. Green Chemistry 2020, 22 (5),
1572.
(228) De Gregorio, G. L.; Burdyny, T.; Loiudice, A.; Iyengar, P.; Smith, W. A.; Buonsanti,
R. Facet-dependent selectivity of Cu catalysts in electrochemical CO2 reduction at
commercially viable current densities. ACS catalysis 2020, 10 (9), 4854.
(229) Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. Electric field effects in
electrochemical CO2 reduction. Acs Catalysis 2016, 6 (10), 7133.
(230) Wang, Y.; Liu, J.; Wang, Y.; Al‐Enizi, A. M.; Zheng, G. Tuning of CO2 reduction
selectivity on metal electrocatalysts. Small 2017, 13 (43), 1701809.
(231) Kuhl, K. P.; Cave, E. R.; Abram, D. N.; Jaramillo, T. F. New insights into the
electrochemical reduction of carbon dioxide on metallic copper surfaces. Energy &
Environmental Science 2012, 5 (5), 7050.
(232) Hori, Y.; Takahashi, I.; Koga, O.; Hoshi, N. Selective Formation of C2 Compounds
from Electrochemical Reduction of CO2 at a Series of Copper Single Crystal
Electrodes. The Journal of Physical Chemistry B 2002, 106 (1), 15.

146

(233) Calle‐Vallejo, F.; Koper, M. Theoretical considerations on the electroreduction of
CO to C2 species on Cu (100) electrodes. Angewandte Chemie 2013, 125 (28), 7423.
(234) Schouten, K. J. P.; Kwon, Y.; van der Ham, C. J. M.; Qin, Z.; Koper, M. T. M. A new
mechanism for the selectivity to C1 and C2 species in the electrochemical reduction
of carbon dioxide on copper electrodes. Chemical Science 2011, 2 (10), 1902.
(235) Huang, Y.; Handoko, A. D.; Hirunsit, P.; Yeo, B. S. Electrochemical reduction of
CO2 using copper single-crystal surfaces: effects of CO* coverage on the selective
formation of ethylene. ACS catalysis 2017, 7 (3), 1749.
(236) Chen, C. S.; Handoko, A. D.; Wan, J. H.; Ma, L.; Ren, D.; Yeo, B. S. Stable and
selective electrochemical reduction of carbon dioxide to ethylene on copper
mesocrystals. Catalysis Science & Technology 2015, 5 (1), 161.
(237) Roberts, F. S.; Kuhl, K. P.; Nilsson, A. High selectivity for ethylene from carbon
dioxide reduction over copper nanocube electrocatalysts. Angewandte Chemie 2015,
127 (17), 5268.
(238) Hoshi, N.; Kato, M.; Hori, Y. Electrochemical reduction of CO2 on single crystal
electrodes of silver Ag (111), Ag (100) and Ag (110). Journal of Electroanalytical
Chemistry 1997, 440 (1-2), 283.
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